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Abstract. Climate-Smart Agriculture (CSA) as an adaptation strategy that helps 
rural farmers adapt to climate change by making them resilient to its effects. 
SALM methodology is a CSA practice that promotes carbon sequestration, which 
in the long run increase farmers’ productivity.  

This study assessed SALM methodology using RothC model to calculate the effi-
cacy of CSA on Umar Lere farm. Activity Baseline and Monitoring Survey was 
used to acquire data for a period of 3 years of practicing SALM methodology. 
Results showed that after 3 years of SALM adoption, the farm produced maize 
(2.6), soybeans (0.7), guinea corn (1.1), and tomatoes (1.7) tons/hectare/year 
respectively in 2015 compared to maize (1.2), soybeans (0.3), guinea corn (1.6), 
and tomatoes (0.7) tons/hectare/year respectively produced in 2012. The farm 
also recorded 56 trees sequestrating 10.2 tons of carbon dioxide per hectare in 
2015 compared to 15 trees sequestrating 2.6 tons of carbon dioxide per year in 
2012. In 3 years, Umar Lere farm significantly increased its crop yields from the 
project; RothC model shows that the modelled soil carbon stock changes 
increased significantly as a result of the adoption of SALM practices from around 
0:5 tCO2 ha-1yr-1 in 2012 to 3:5 ha-1 yr-1 in 2015. 

*Correspondence:  

 

Keywords. Climate-Smart Agriculture (CSA), SALM Methodology, RothC model, 
sustainable land use management, climate change mitigation/adaptation 

iologeh@gmail.com 

 

1. Introduction 
Climate-Smart Agriculture and Food Security  

The absence of data reduces the ability to moni-
tor and manage water resources in adapting to 
climate change, therefore making it difficult for 
rural farmers to manage the situation (FAO, 
2010; UNFCCC, 2007). Climate-Smart Agricul-
ture (CSA) involves the use of all the necessary 
evidence-information required by the farmers 
for improved sustainable food production. It also 
employs adaptation strategy that minimizes the 
consequences of actual and expected changes in 
the climate for improved productivity at farm 
level and consequently food security. It provides 
detailed information about climate and its varia-
bility, which include past trends, future climate 

change projections, and likely impacts on the ag-
riculture sector (Climate Summit, 2014). Availa-
bility of such information to farmers could serve 
as coping and adaptation strategies for managing 
climate risks thereby making food production vi-
able (FAO, 2013; FAO/CCAFS, 2013). Investing in 
CSA is a new strategy to meet the need for the 
growing global demand for food in a climate 
smart manner, while at the same time reducing 
the socioeconomic vulnerability of rural commu-
nities in developing countries.   
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Carbon Sequestration through SALM Method-
ology 

The Sustainable Agricultural Landscape Manage-
ment (SALM) Practices is an integral part of sus-
tainable landscape management which include 
management of crop land, grass land, water bod-
ies, integration of agroforestry, and livestock 
system and restoration of degraded lands. The 
project addresses the challenges of growing land 
pressure, insecure livelihoods, and the relative 
inefficiency of smallholder agricultural produc-
tion, all of which are intensified by negative ef-
fects of climate change. The SALM methodology 
can be used to monitor and measure the Green 
House Gas (GHG) benefits of a range of project 
activities that increase carbon stocks in the agri-
cultural landscape, in particular soil organic car-
bon (SOC) which is a major pool affected by cli-
mate-smart agricultural practices. 

The SALM methodology proposes to use a mod-
elling approach by parameterizing a soil carbon 
model with existing datasets and to run the 
model with input values derived from the farm 
Activity Baseline and Monitoring Survey (ABMS). 
The model proposed is the RothC carbon model. 
This model calculates the SOC stock changes due 
to varying inputs of crop residues and manure in 
the soil. The increase or decrease of SOC is the 
result of the decomposition of the added organic 
materials. 

The present version of the RothC carbon model 
is a simplified version of the model developed by 
the Australian Greenhouse Office (2002) on the 
basis of the RothC-26.3 program2. It was modi-
fied by Joanneum Research and Unique forestry 
and land use for the Bio Carbon Fund in the 
frame of the Kenya Agricultural Carbon Project 
(KACP). The model was enhanced with com-
ments and automatic operations for estimation 
in a simple manner of project removals due to 
changes in SOC according to the SALM method-
ology. This version can be used with Excel 2007, 
2010, and 2016. 

History behind the Development of SALM  

Monitoring of carbon changes can be costly 
when dealing with diversified farming systems. 
This is especially a challenge for smallholder 

farming that involves tens of thousands of farm-
ers. There has not been an approved soil carbon 
accounting methodology for agricultural pro-
jects until recently. The lack of such a methodol-
ogy has created difficulties bridging the gap in 
accounting for soil carbon. Experience with fore-
casting carbon projects show that for it to be ef-
fective, a methodology for carbon accounting has 
to be simple, cost-effective, and with sufficient 
accuracy (The World Bank, 2014).  

To meet the challenges, the Bio-Carbon fund at 
the Carbon Finance Unit of the World Bank de-
veloped the SALM methodology which was ap-
proved in December 2011 by Verified Carbon 
Standard (VCS). SALM was developed based on 
implementation of the “Kenya Agricultural Car-
bon Project.” Among the first of such methodolo-
gies, it has proven to be simple and scientifically 
robust. The Kenya project was validated in Feb-
ruary, 2012.  

The Kenya Agricultural Carbon Project 
(KACP)  

The KACP in Western Kenya is the first soil and 
agricultural carbon finance project in Africa that 
benefits rural communities and smallholder 
farmers. KACP is being implanted by the Non-
Governmental Organization (NGO) Vi Agrofor-
estry. The KACP project is closely integrated into 
the larger Vi Agroforestry East Africa program. 
The main objective of this program is to improve 
living conditions for 250,000 farmer households 
through sustainable use of natural resources 
within the Lake Victoria Basin. This is accom-
plished through 300 Vi Agroforestry local field 
advisers who support farmer groups by meeting 
their demands for capacity building and advisory 
services. The supported farmer groups/organi-
zations are mainly small civil society organiza-
tions (61% women members) consisting of com-
munity-based organizations, common interest 
groups, training groups, and financial services 
associations (Vi Agroforestry, 2014).  

Advisory services from the project enable farm-
ers to change agricultural practices that in the fu-
ture will give them increased risk-adjusted crop 
yields and carbon revenues. The carbon reve-
nues hereby provide the incentives and the rig-
orous performance monitoring system will focus 
management and extension to the real benefits 
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of carbon sequestration which are improved soil 
fertility and resulting crop yields, increased food 
security, market access for agricultural produce, 
and increased climate resilience benefits that ac-
crue to farmers and communities.  

SALM Practices  

Cropping patterns: These include residual 
management, manure and fertilizer input, water 
harvesting, on-farm erosion control, moisture 
and soil nutrient management, intercropping, 
conservation farming, and integration of on-farm 
trees.  

Livestock: Comprising of number and types of 
livestock and use of animal manure.  

Crop Yields: Entails food security changes and 
biomass production.  

These practices account for project removals due 
to soil organic carbon changes, discuss the 
changes, and diversify smallholder farming con-
ditions. ABMS is done on sample farms; if the 
project area has different agroecological condi-
tions with seasonal cropping patterns, there is 
need to stratify the project area into different 
strata. SALM methodology requires a 15% preci-
sion at 95% confidence level (World Bank, 
2015).  

Soil Organic Carbon Accounting in Agricul-
tural Projects  

This topic is addressed with the subtopics below:  

i. Accounting for soil organic carbon changes  

ii. Obtaining the soil organic carbon emission fac-
tors  

iii. Modeling in Roth C model  

iv. Obtaining input data from ABMS  

i. Accounting for soil organic carbon changes 
– the basics  

Agricultural activities influence the carbon 
fluxes in the agricultural landscape including soil 
carbon. As such, smallholder farmers are ex-
pected to diversify their agricultural activities; 
their activities are to include:  

a) crop residue management  

b) composting and manure management  

c) application of inorganic fertilizer  

d) water management  

e) erosion control/planting of agroforestry trees.  

These activities are SALM practices which are a 
major integral part of CSA. These activities when 
adopted will change the organic contents of the 
soil.  

To estimate soil carbon changes, two sets of data 
are needed  

a) Activity data—are under a particular agricul-
tural practice.  

b) Soil organic carbon (SOC) emission factor—
carbon emitted 1hectare/year (tons/CO2).  

The term emission factor according to IPCC 
stands for either emissions when GHC is emitted 
or sequestration when carbon removal occurs: 

Thus, the multiplication of activity data and emission factor 
results in soil carbon changes PRS. PRS [t CO2e/yr] = 

Emission/Removal Factor [t CO2e/ha/yr] x Activity data [Ha] 

Study Area 

To assess the effectiveness of the adoption of CSA 
through carbon sequestration, two farms in Oyo 
and Kaduna States, Nigeria, respectively are used 
for the study. The farms’ details are listed in Ta-
ble 1. Farm 1 is Bukola Enitilo farm and it is the 
control farm, while farm 2 is Umar Lere farm and 
it is the project farm. The control farm is a farm 
operated without CSA practices, while the pro-
ject farm is a farm under the operation of CSA 
practices. Two assessments are made: (1) the 
difference between the control’s farm and the 
project’s farm data and (2) the difference be-
tween the project’s farm baseline data and pro-
ject data.  

The Umar Lere SALM Project  

Umar Lere farm used to be a crops production 
only farm. The farm owner, Alhaji Umar Lere was 
exposed to the Kenya Agricultural Carbon Pro-
ject (KACP) and applied its practices to his farm. 
Alhaji Lere adopted the project on his farm in 
2012 and he has since then increased his produc-
tivity and enhanced his resilience to climate 
change with carbon sequestration as co-benefit. 
The farm is about 3 hectares and located in Ka-
duna State, North West Zone of Nigeria.  
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Table 1 

Characteristics of Umar Lere and Bukola Enitilo farms 

Farm Characteristics Farm 1 (Control Farm) Farm 2 (Project Farm) 
Name Enitilo Farms Umar Lere Farms 
Size 2.5 ha  3 ha 
Location Akilegbe Village, Kole Osho, Akinyele 

Local Government of Oyo State 
Yelwa, Lere Town, Kaduna 

Type Crops production only Mixed cropping 
Produce Cassava, Plantain, Maize Maize, Soy beans, Guinea corn, rice, 

tomatoes, pepper, okra and onion. Livestock 
Man power Six laborers Ten laborers 
Initial capital  N640,000 N500,000 
Average Monthly Running Capital N176,000 N330,000 
Average profit (6 monthly) N250,000 N700,000 
Farm Owner’s Age group 40-45 45-50 
Farm Owner’s Highest Qualification MBA MBA 

 

Table 2 

Quantitative description of Umar Lere and Bukola Enitilo farms 

Farm name Farm land/ 
Agricultural 
land (ha) 

Main crops: % of Cropland; crop 
yields (t ha-1yr-1) 

% farms with 
livestock and 
types 

Trees ha-1; carbon 
(tCO2 ha -1) 

Baseline Conditions 2012 
Umar Lere farm 2.5/3.0 Maize 55%;1.2 

Soybeans 21%;0.3 
Guinea Corn 7%;1.6 
Tomatoes 12%; 0.7 

N/A 15; 2.6 

Bukola Enitilo Farms 2.0/2.5 Maize 50%;0.8 
Cassava 28%;1.2 Plantain 22%;1.1 

N/A 2; 0.4 

Project Conditions 2015 
Umar Lere farm 3.0/3.0 Maize 58%;2.6 

Soybeans 22%;0.7 
Guinea Corn 12%;1.1 
Tomatoes 6%; 1.7 

25%; 1 calf, 3 
cows; 2 goats; 
11 chickens; 2 
sheep 

56;10.2 

Bukola Enitilo Farms 2.2/2.5 Maize 50%;0.7 
Cassava 28%;1.3 Plantain 22%;1.0 

N/A 10;2.8 

 

Here, smallholder farmers like Alhaji Lere 
practice subsistence farming. He practices mixed 
farming system of crop production and after the 
adoption of SALM methodology, introduced 
livestock farming which provides draught power 
to cultivate land and manure to fertilize the soil 
and crop residues in turn feed livestock.  

 

 

2. Methodology 
The farm uses ABMS for data collection; its base-
line agricultural activities are assessed, its adop-
tion of SALM methodology was monitored, and 
the RothC model was used to estimate the result-
ing carbon stock changes. The soil model input 
data combined with the data from the ABMS and 
additional existing data sets, such as climate and 
soil data, are used to parameterize Roth-C to 
model the actual (ex-post) GHG emissions and 
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removals from SOC and tree biomass of the Umar 
Lere farm having adopted SALM activities.  

The ABMS data is collected through periodic in-
terview using structured questionnaire through-
out the project lifetime. The project was initiated 
in March 2012, and there have been 13 struc-
tured interviews since inception at an interview 
per quarter. The questions refer to general farm 
structure, current and future management prac-
tices, cropping systems, use of biomass within 
the farms, crop yields, livestock management, 
tree biomass, and general socioeconomic farm 
parameters. The sample unit is the whole farm. 
The data gathered from the ABMS farms always 
refer to two cropping seasons. The first season is 
from April to September and corresponds to the 
long rains period. This is the main season and 
usually has a higher productivity. The second 
season is from October to March in the following 
year and corresponds to the short rains period.  

 

3. Results 
For this study, the data representing the baseline 
conditions in the year 2012 are compared with 
that of 2015. Over six consecutive seasons, Umar 
Lere farm have adopted SALM practices such as 
mulching with crop residues, planting of cover 
crops, applying composted manure, and planting 
of soil fertility biomass and agroforestry trees on 
its cropland. The result of this whole system is 
the total project net GHG removals, consisting of 
the carbon stock change in the soil organic car-
bon pool and the biomass carbon pool, while 
considering carbon emissions due to implemen-
tation of project activities. SALM adoption is ex-
pected to increase yields, residues, and tree bio-
mass. 

Table 2 shows the values for Umar Lere farm and 
Bukola Enitilo farms under baseline conditions 
in 2012 and after 3 years of project implementa-
tion (note that Enitilo farm did not adopt the 
SALM methodology). With regard to tree bio-
mass, the average carbon stocks of long living bi-
omass trees are presented in the baseline, 
whereas only the increase of additional carbon 
removal as a result of trees planted in the project 
is presented under project condition. 

Table 3 illustrates the change of farm manage-
ment practices in Umar Lere farm under the 
SALM project as a result of extension training 
and capacity building. Promoted SALM practices 
include the ones already listed, however, mulch-
ing and composting is explicitly exercised since 
these practices have accounted for soil carbon 
benefits in the project.  

 

Table 3 

Umar Lere Farm under different management 
practices in the baseline and project period in 
2012/2015 

Residue Burning (kg)- Area per farm (ha) 18/0.01 
N-fertilizer use (kg)- area per farm (ha) 40.0/0 
Total SALM area per farm (ha) (% change) 0.43/0.90 
Mulching –area per farm (ha) (%change) 0.03/0.30 
Composting- area per farm (ha) (%change) 0.01/0.45 
Wood/charcoal consumption (h day-1)(% 
change) 

3.0/2.1 

NOTE: 2012 result figures are plain; 2015 result figures are bold  

 

Also, farm-scale quantification was exercised us-
ing first the SALM methodology (RothC model) 
which combines activity monitoring of agricul-
tural practices and process-based modeling and 
second the Cool Farm Tool (CFT) method. The in-
puts required by the models are clay content in 
the soil (%); climate parameters such as monthly 
temperature (oC), monthly precipitation (mm), 
monthly pan evaporation (mm); additional resi-
due inputs due to crop management changes (tC 
ha-1); additional manure inputs due to manure 
management changes (tC ha-1); and soil cover in 
each month. The data to parameterize the model 
where compiled from local weather stations and 
from online databases such as the harmonized 
world soil database (FAO/IIASA/ISRIC/ISSCAS/ 
JRC, 2012). 

The calculation of organic inputs is based on the 
data collected from the ABMS on Umar Lere farm 
and on equations from Volume 4 of the 2006 
IPCC guidelines. For instance, the harvested 
fresh yield of crops in tons per hectare per sea-
son (t ha-1 season-1) is converted to number of 
residues produced on the basis of the equations 
reported in table 11.2 in Volume 4 of the 2006 
IPCC guidelines.  
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Table 4 

Soil Information and input parameters for the RothC soil modeling of different management practices 
for the two farms’ inputs given for 2012 and 2015 

Farm Bukola Enitilo Umar Lere 
Clay content of topsoil (%) 39 40 
Inputs- crop residues 1st season (tC ha -1) 0.77/0.79 0.88/11.12 
Inputs- crop residues 2nd season (tC ha -1) 0.71/0.75 0.69/6.95 
Inputs- composited manure per application (tC ha -1) 0.62/0.63 0.76/10.79 
Inputs- soil fertility trees per year (kg C ha -1) 0/0.6 3.5/30.1 

NOTE: 2012 result figures are plain; 2015 result figures are bold  
 

Table 5 

Carbon Pools and GHG emission sources selected in this study for the two quantification tools 
IPCC Carbon Pools Selected under RothC/ SALM Selected under Cool Farm Tool 
Above-ground woody biomass Yes  Yes 
Below-ground woody biomass Yes Yes 
Dead Wood No No 
Litter No No 
Soil Organic Carbon Yes Yes 
Wood Products No No 
   
Emission Forces GHG included under RothC/SALM  GHG included under Cool Farm Tool 
Use of Fertilizers N2O – emissions from N-fertilization 

effects 
CO2 -From fertilizer production 

Direct and indirect field N2O N2O-emissions from N-fixing speciesa N2O-emissions from N-fertilization and 
N-emissions from crops (indirect) 

Residue Management CH4, N2O- emissions from burning CH4, N2O- emissions from burning and 
mulching 

Burning of Fossil Fuelsb CO2, CH4, N2O CO2, 
Livestock enteric emissionsa CH4- initially not included under SALM 

methodology 
CH4 

Livestock manure management N2O, CH4 – initially not included under 
SALM methodology  

N2O, CH4 

Livestock Feed No CO2, 
a. Not included in this study due to lack of data 
b. Not included since no machinery is used in agricultural management within sample farms 

 

Table 4 displays the average weighted organic 
inputs for the two farms under the RothC 
modeling. In addition to the SALM methodology, 
IPCC emission factors were used to estimate 
emissions from manure management. 

As a comparison, the Cool Farm Tool (CFT) cal-
culator was used for the same farm, being a user-
friendly farm level greenhouse gas calculator for 
estimating net GHG emissions from agricultural 
management. Methodologically, the CFT sits be-
tween calculators using simple emission factor 

approaches (IPCC tier 1) and process-based 
models (tier 3) providing tailored emission esti-
mates without the need for data beyond farmer 
common knowledge and a deeper understanding 
of the interactions between land use, biophysical 
processes and management operations (Hillier 
et al, 2011). Table 5 summarizes all carbon pools 
and GHG emission sources included in the com-
parison study. 

After six seasons of project implementation, 
Umar Lere farm significantly increased its crop 
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yields in 2015. The farm also increased the tree 
cover while livestock rearing was introduced 
and slightly increasing. With regard to farm man-
agement practices, Umar Lere farm reduced 
burning of crop residues and ceased using nitro-
gen fertilizers. This is in line with the study of 
FAO/CCAFS, (2013) that advisory services from 
the project enable farmers to change agricultural 
practices that in the future will give them in-
creased risk adjusted crop yields and carbon rev-
enues. 

The total adoption of SALM practices is about 
50% of the farm land. For the two-soil carbon 
relevant practices mulching and composting, the 
adoption rate is quite constant up to 95%. With 
regard to the consumption patterns of firewood 
and charcoal, emissions from enteric fermenta-
tion, direct emissions from the application of in-
organic fertilizers, and burning of crop residues. 

It is interesting to observe that the consumption 
is decreasing within the project in the farm. This 
can be explained by the switch to the use of en-
ergy efficient stoves and the reservation of fire-
wood producing tree species on farm, which is 
promoted as part of the project.  

 

Table 6 

2012/2015 VCS SALM/IPCC/ROTHC-Average 
annual GHG emission and removal profile of 
Umar Lere in tCO2e ha-1 representing the baseline 
(2012) and the project scenario (2015) using the 
SALM methodology complemented with IPCC 
emission factors. SOC = soil organic carbon. 

Roth C Average Annual GHG 
Emission 

2012 2015 

Carbon Stock Changes- SOC 0.5 3.5 
Carbon stock changes- Woody 
biomass 

0 1.2 

Livestock Manure Management 0 1.3 
Livestock enteric emission 0 4 
Fertilizer emission 0.4 0 
Burning crop residues 0.2 0 

 

The farm quantification results in 2012 and 2015 
represent annual emissions and removals (se-
questration) per hectare of agricultural land of 

the farm. Table 6 summarizes the GHG quantifi-
cation of Umar Lere farm using the RothC model 
of the SALM methodology complemented with 
IPCC and regional emission factors used to ac-
count for emissions from livestock. Six different 
sources or sinks of emissions are accounted, 
namely carbon stock changes in soil organic car-
bon, accumulation of tree biomass (above and 
below ground biomass), emissions from manure 
management, emissions from enteric fermenta-
tion, direct emissions from the application of in-
organic fertilizers, and burning of crop residues. 

The impact of emissions from inorganic fertiliz-
ers in the baseline scenario in 2012 was ac-
counted for and is given as 40.0 kg ha-1 yr-1 and 
in 2015 (Table 3); no fertilizers emission oc-
curred due to cessation of nitrogen fertilizer ap-
plication by farm management.  

The main source of emissions is attributed to 
livestock units per hectare of agricultural land. 
The existing carbon stock of long living trees on 
agricultural land in 2012 is very low at 2.6 tCO2 
ha-1, because only 15 long-living trees are on the 
farm cropland. Since baseline trees have already 
reached equilibrium state, no carbon stock 
changes are assumed for 2012. After 3 years of 
project implementation, 56 long-living trees are 
now grown on the farm and such trees contrib-
uting to annual carbon stock changes of 10.2 
tCO2 ha-1(see Table 2). 

The modelled soil carbon stock changes in-
creased significantly as a result of the adoption 
of SALM practices from around 0:5 tCO2 ha-1yr-1 
in 2012 to 3:5 ha-1 yr-1 in 2015 (Table 6). There 
is a direct relationship between the crop yield 
and residues produced. The soil carbon stock 
changes if the residues are added to the soil as 
organic matter (mulch or compost). The crop 
yield increase is reflected by higher organic in-
put factors and higher modelled SOC changes.  

Table 7 compares the quantification performed 
with the Cool Farm Tool (CFT). In addition to the 
sources and sinks of emissions under the SALM 
methodology, the CFT includes emissions from 
fertilizer production; fertilizer induced field 
emissions (N2O) and background N2O field emis-
sions which are combined under direct and indi-
rect N2O field emissions; burning of crop resi-
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dues and N2O emissions from residues is re-
ferred to as emissions from crop residue man-
agement. Emissions from livestock feed are also 
accounted and are depending on the type and 
quality of grazing management. Based on the 
survey data and information from the project, 
significant changes occurred within 3 years of 
livestock management on the farm. 

 

Table 7 

2012/2015 CFT-Average annual GHG emission 
and removal profile of the farm in tCO2e ha-1 

representing the baseline (2012) and the project 
scenario (2015) using the Cool Farm Tool 

CFT Average Annual GHG Emission 2012 2015 
Carbon Stock Changes- SOC 0.5 3.5 
Carbon stock changes- Woody biomass 0 0.7 
Livestock Manure Management 0 1.6 
Livestock enteric emission 0 4.8 
Crop Residue Management 0.2 6.2 
Direct and indirect field N20 0.5 0.4 

 

Table 8 

Total average GHG emission and removal 
profiles of Umar Lere farm in the project 
scenario (2015) compared to baseline (2012) in 
tCO2e ha-1 yr-1 

 
2012 2015 

SALM/ROTHC 8.9 1.4 
CFT 10.1 1.5 

 

The CFT only shows carbon stock changes for 
tree biomass, therefore there are no changes es-
timated for the baseline year 2012. The emis-
sions from crop management (crop residue man-
agement and direct and indirect field N2O) are 
higher compared to the SALM/IPCC method with 
an average of 0:6 tCO2e ha-1 yr-1 because the CFT 
more comprehensively considers different 
sources of emissions including fertilizer produc-
tion as well as different sources of N2O emissions 
from the fields including soils, inorganic fertiliz-
ers, organic fertilizers (manure and compost), 
and crop residues. 

With regard to livestock emissions, the manage-
ment of livestock including feeding practices and 
manure management significantly affects the 
overall emissions. Enteric fermentation is linked 
to the feed characteristics. The differences of 
emissions from manure management on the 
farm is similar to the IPCC estimation, however, 
the CFT calculates higher emissions in the order 
of magnitude of 120%, although the same ma-
nure management conditions were used. The 
CFT also accounts for indirect N2O emissions 
from manure management.  

In 2015, the total emissions were reduced while 
carbon was stored in the soil and trees as part of 
the credit of SALM practices. Since composting 
manure is among the key activities within the 
project, the manure emissions were also re-
duced. The crop management emissions on the 
other hand remained stable given that although 
inorganic fertilizers were not used, the crop ar-
eas under compost and mulching application in-
creased with higher N2O emissions from these 
fields. 

Mitigating Green House Gases (GHG) from 
Umar Lere Farms  

After assessing the changes of farm based GHG 
emissions and removals over 3 years and the dif-
ference using two farm quantification methods, 
this section now takes a closer look at the mitiga-
tion benefits which were achieved as a result of 
adoption of SALM practices. The annual benefits 
from woody biomass of trees planted in the 
Umar Lere SALM project range between 0.8 and 
1:2 tCO2 ha-1 using the SALM methodology and 
0.4–0:7 tCO2 ha-1 with the CFT. Both methods fol-
low the IPCC guidance and use allometric bio-
mass equations and default root to boost ratios 
for calculation. The sequestration rate is low due 
to the fact that the average tree diameter (DBH) 
is around 5 cm after 3 years of project implemen-
tation. The difference between the two methods 
can be explained by the different equations ap-
plied. The CFT applies the general tropical moist 
equation of Brown (1997, updated) while a more 
site-specific equation was used for the SALM 
method. It was observed that, in particular, 
smaller trees (dbh < 10 cm) dominate the land-
scape and that apparently small differences in 
the equations for small trees could add up to a 
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large amount of carbon when looking at a land-
scape.  

The emission reduction benefits from improved 
crop residue and fertilizer management are also 
considered; regarding fertilizer management, 
the farm ceased to apply inorganic fertilizers 
during the first 3 years of the project, thus reduc-
ing emissions from fertilizer application to zero. 
Furthermore, the farm reduced the burning of 
residue biomass but the increase of emissions 
due to the introduction of nitrogen fixing plants 
and composting of residues offsets the emission 
reductions. 

The annual benefits from soil carbon sequestra-
tion due to adoption of management practices 
such as mulching, composted manure, and intro-
duction of soil fertility trees are on average 0:9 
tCO2 ha-1 using the RothC modelling approach 
and 0:8 tCO2 ha-1 applying the empirical model 
approach of the CFT. The overall average mitiga-
tion benefits of the two quantification methods 
result in 4.0 and 6:5 tCO2 ha-1 yr-1 for the 
SALM/IPCC method and the cool farm tool re-
spectively. The total average GHG emission and 
removal profile on Umar Lere farm reduced from 
8.9 tCO2 ha-1 yr-1 in 2012 to 1.4 tCO2 ha-1 yr-1in 
2015 for the SALM/IPCC and from 10.1tCO2 ha-1 
yr-1 to 1.5 tCO2 ha-1 yr-1 for the CFT (Table 8). On 
Umar Lere farm, it can be observed that there are 

significantly different mitigation benefits de-
pending on typologies of the crop–livestock sys-
tems, different agricultural practices, as well as 
adoption rate of improved practices during the 
project. 

The results of the whole farm quantification 
demonstrate the variation in the magnitude of 
the estimated GHG emissions per hectare in 
Umar Lere smallholder farm using two different 
accounting tools. The farm-scale quantification 
further shows that the two management prac-
tices have a significant impact on emission re-
duction and removals independent from the ac-
tual farm size. The whole farm quantification in 
2015 compared to the baseline conditions in 
2012 demonstrates the significant mitigation op-
portunities in smallholder crop–livestock sys-
tems if emission sources are comprehensively 
considered.  

Soil carbon is important for soil structure and re-
lated nutrient and water holding properties. 
Hence increasing soil carbon stocks results in 
improved crop growth and contributes to en-
hance climate resilience. In addition, the in-
crease in soil organic carbon through SALM prac-
tices such as the use of cover crops, residue man-
agement, and agroforestry will also reduce the 
need for synthetic nitrogen fertilizer at a given 
level of crop production. 
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Introduction 
Background 

The System of Rice Intensification (SRI) has been 
implemented in many countries such as in Mad-
agascar, Vietnam, Thailand, Cambodia, and Indo-
nesia. Since the SRI method was first-time devel-
oped in Madagascar in 2001 by Henri Laulanie 
(Uphoof, 2015), this method was spread out and 
practiced in countries due to some benefits ob-
tained by farmers. The benefits were reducing 
the amount of water, less chemical fertilizer use, 
decreasing seed use, increasing rice production, 
and as an environmentally friendly practice 
(FAO, 2002). 

The SRI is different from conventional rice farm-
ing system. The SRI is stated by the Ministry of 
Agriculture Republic of Indonesia as the best so-
lution for Indonesia’s agriculture in increasing 

rice production. The implementation of SRI is in-
tended to boost the rice production by 1–2 tons 
rice per ha to achieve the national target of 10 
million of rice production surplus (Ministry of 
Agriculture, 2014). The harvest time of SRI is 
shorter compared to the conventional system. 
The total amount of water used in conventional 
is twice as much water used in SRI. Avoiding the 
use of inorganic fertilizers and pesticides in SRI 
reduces the production cost (Ministry of Public 
Work, 2009). 

Besides its benefits, agricultural practices also 
produce environmental externalities. The envi-
ronmental externality is an environmental “free 
rider” that can impact on people. There are posi-
tive and negative environmental externalities. 
The negative environmental externalities are a 
cost. It is paid but not by farmers in the case of 
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rice production system, or by consumers 
(DeWitt, 1990). Most of the negative environ-
mental externalities are not accounted by mar-
ket price and the economic value of externalities 
is unknown (FAO, 2001; Lv et al., 2010). 

A rice production system generates Green House 
Gases (GHGs), non-GHGs, and other substrates 
that have environmental impact categories re-
sulted by both conventional rice production sys-
tems and SRI, namely global warming, acidifica-
tion, and eutrophication (Blengini and Busto, 
2009; Craighill and Powell, 1996; de Boer, 2003; 
Lv et al., 2010). There were studies related to the 
measurement of greenhouse gas emissions from 
rice fields. Most of these studies calculated the 
magnitude of methane (CH4) and nitrous oxides 
(N0x) (Dan et al., 2001; Huang et al., 2009; John-
son-Beebout et al., 2009; Kruger and Frenzel, 
2003; Lindau, 1994; Neue, 1997; Sahrawat, 
2004; Setyanto and Kartikawati, 2011; Setyanto 
et al., 2012; Wang et al., 1992; Wang et al., 1993; 
Wiharjaka, 2010, Wiharjaka et al., 2010). 

Related to economic value, the concept of social 
costs that take into consideration externalities 
cost and internalize it into production cost, 
needs to be performed. Furthermore, rice farm-
ers in Indonesia are considered to be easier to 
adopt a new system and technologies if eco-
nomic benefits could be exhibited accompanying 
technical benefits. Economic benefits of practic-
ing SRI should be delivered as policy advices to 
the Ministry of Agriculture in order to start to 
deeply consider the negative environment exter-
nalities in the conventional rice production sys-
tem instead of focusing only on skyrocketing rice 
production with neglecting negative environ-
mental impacts. 

The objective of the study is to compare the so-
cial costs of the System of Rice Intensification 
(SRI) and conventional rice farming system for 
producing 1 kg unhulled rice. Within the context 
of the research objective, the following main re-
search question is formulated: Are the social 
costs of producing 1 kg unhulled rice using SRI 
higher than those for conventional rice farming? 
Specifically, this research is carried out to an-
swer the following sub research questions: (1) 
How much are the private production costs for 

producing 1 kg unhulled rice using SRI and con-
ventional rice farming?; (2) How high are the 
level and the damage costs of Green House Gases 
(GHGs) and non-GHGs emissions for producing 1 
kg unhulled rice using SRI and conventional rice 
farming?; (3) How much are the social costs for 
producing 1 kg unhulled rice using SRI and con-
ventional rice farming? 

Research Framework 

The interaction of the economy and the environ-
ment should not only be connected from econ-
omy to environment, but also associate from en-
vironment to economy. This two-sided interac-
tion between economic and environment has a 
prime benefit that it could exhibit the optimal en-
vironmental policy calculation which shows the 
equal of marginal cost and marginal benefit of 
pollution abatement (Zhu, 2014). 

In any economy, normally the more quantity and 
efficient of inputs use means the greater the 
amount of output. However, the production sys-
tems also create pollution in the form of air or 
water pollution and other liquid and solid 
wastes. These pollutions may have an impact on 
production and also the availability of the inputs 
that can be used in the production process. Fur-
thermore, it can affect human health. Productiv-
ity will decrease, and economic cost will in-
crease, due to higher health care allowance and 
decrease the amount of labor supply and labor 
productivity (Faber et al., 2002; Haites, 1990; 
Rennings and Wiggering, 1997). 

Related to the connection of environment and 
economy or production, the Ministry of Agricul-
ture of Indonesia has been implementing agri-
cultural farming policies and has launched the 
System of Rice Intensification (SRI) program to 
boost rice production and to bridge agriculture 
and environment. The main differences between 
the SRI and the conventional rice production sys-
tem that farmers commonly practiced are that 
the SRI uses less amounts of water, no chemical 
fertilizers are used in the entire system, and no 
chemical pesticide, insecticide and herbicide. In 
general, it can be said that SRI is closer to the or-
ganic rice farming system. 

Although the SRI has been declared by the Min-
istry of Agriculture as an environmentally 
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friendly farming system, it should be assessed 
that this system has less negative environmental 
externalities compared to the conventional one 
because the negative externalities could harm 
the environment and impact on human and ani-
mal health. Social costs are calculated in order to 
know the benefit of a system while considering 
externalities in each production cost calculation. 
These assessment results can be used by agricul-
tural extension agents in their counselling mate-
rials to support the Ministry of Agriculture’s ef-
forts to accelerate SRI dissemination. 

The first step in this study is to calculate the pro-
duction cost per functional unit of measurement 
for each conventional rice farming system and 
SRI. By using the Life Cycle Assessment (LCA) ap-
proach, this study examined fossil fuel and in-
puts use in the conventional rice production sys-
tem and SRI, and externalities resulted from both 
systems. This technique could also be used to cal-
culate environmental impacts into different cat-
egories. The environmental impacts were cate-
gorized into global warming impact, acidification 
and nitrification or eutrophication (Figure 1). 
Because the unit of measurement of each cate-
gory was different, the damage cost approach 
was used to monetize the environmental exter-
nalities in order to generate externalities cost 
considering the damage cost of each rice produc-
tion system. This means that the different units 
from each impact categories were calculated in 
the same unit of measurement because in LCA, 
there was an essential problem that environ-
ment impacts were measured in different units, 
or related to comparing two systems in this 
study, in noncomparable units (Craighill and 
Powell, 1996).  

Finally, the social costs of the SRI and conven-
tional rice production system that included pro-
duction cost and damage cost, were calculated. 
Then, policy recommendations were proposed 
to the Ministry of Agriculture in order to acceler-
ate the dissemination of the rice farming system 
which was more environmentally friendly. 

Methods of Data Collection and Study Site 

To answer sub research question 1 (How much is 
the production cost of 1 kg unhulled rice for each 
conventional rice farming system and SRI?), inter-

views with SRI farmers and conventional farm-
ers that were selected randomly on the study 
site, were carried out in order to collect input 
data and fuel use, and also unhulled rice produc-
tion in the conventional rice farming system and 
SRI. In the study site, two wetland paddy areas 
were chosen for GHGs and non-GHGs analysis. 
One area was allocated for the SRI area (called 
SRI area), and another area with the same size 
was for conventional system (called conven-
tional area). The SRI area was selected to be very 
close to two-neared springs and its location had 
terracing land contours, in order to avoid chemi-
cal matter contamination from the conventional 
area. The conventional area was chosen below 
the SRI area with flat land contour, and sepa-
rated by a river. 

In each area, one ha plot was selected for sample 
taking. In each plot, three points were chosen 
based on the same age of paddy, and if possible, 
with the same paddy variety. However, three 
plots consisted of a paddy field with different 
paddy variety planted. In the SRI area, three 
plots were planted by the same paddy variety, i.e. 
IR64. For the conventional area, three plots were 
cultivated by different paddy variety, i.e. Ci-
herang, Mekonga, and local variety. The sample 
of GHGs and non-GHGs were then taken from 
these three plots for each area by a researcher 
and assisted by two technicians.  

For collecting input-output data from five farmer 
groups existed in the study site, two farmer 
groups were selected. These two farmer groups 
were the farmers cultivating paddy in the SRI 
and conventional area that were selected for 
GHGs and non-GHGs analysis. Fifty members of 
the 73 members of the first farmers group were 
then selected randomly to be respondents in this 
research, and 50 members of the 91 members of 
the second farmer group were also selected ran-
domly. The 73 and 91 members’ names were col-
lected from each group of farmers and written 
down on a piece of paper. Each paper was then 
rolled up and inserted into a glass for each group. 
Fifty rolled papers were taken from each glass to 
be respondents in this research. A researcher, ac-
companied by one research assistant visited, 
one-by-one, each farmer to interview them using 
a questionnaire in terms of gathering input-out-
put inventory.  
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For sub question 2 (How high are the level and 
the damage costs of Green House Gases (GHGs) 
and non-GHGs emissions for producing 1 kg un-
hulled rice using SRI and conventional rice farm-
ing?), this study applied the Life Cycle Assess-
ment approach. This study performed field ob-
servation to gather primary data from the wet-
land rice farming area in study site. During field 
observations, GHGs samples were taken using 
the closed chamber method (Ariani et al. 2011; 
Husnain et al. 2014; Setyanto and Kartikawati, 
2011) and analyzed in the laboratory by using 
the gas chromatography device. The GHGs sam-
ples were taken three times: firstly, when the age 
of paddy was 35 days after planting; secondly, 65 
days after planting; and thirdly, 95 days after 
planting. 

By using three chambers in each point in each 
plot at the same time, CH4 and N2O gas samples 
were accommodated. The size of the CH4 cham-
ber was 50 cm x 50 cm x 103 cm, whilst for the 
N2O chamber, 40 cm x 20 cm x 15 cm. For CH4, 
the samples in each point were taken 5 times 
with 5 minutes of intervals by using a syringe. 
Meanwhile, for N2O, the samples were accepted 
5 times with 10 minutes of intervals. The sample 
collection started at 6 a.m. It started on SRI plot 
for around 1 hour and continued to the conven-
tional plot. The samples of CH4 and N2O gases 
were brought to the laboratory and analyzed by 
gas chromatography for around 1 week until the 
analyzing process was finished. Two laboratory 
assistants assisted the analyzing process in the 
laboratory.  

Field observations were carried out in the Octo-
ber–March 2014/2015 paddy season. Literature 
studies about GHGs emission measurements 
were also carried out in order to complete meas-
urement data and as a comparator data from 
other study sites that have been published. For 
non-GHGs, its emissions were calculated by us-
ing the quantity of inputs and gasoline data taken 
from interviews with farmers multiplied by 
emission factors. In addition, this study used 
published data about the coefficients that were 
used to transform the quantity of GHGs and non-
GHGs emission into a homogenous unit. This 
study did not measure the damage costs directly 
from the field observation in order to determine 

externalities cost, but using the published dam-
age cost.  

To answer sub question 3 (How much are the so-
cial costs for producing 1 kg unhulled rice using 
SRI and conventional rice farming?), the produc-
tion cost of each conventional rice farming sys-
tem and SRI, which are provided by the answer 
of sub question 1 and the externalities cost, ob-
tained from the answer of sub research question 
2, were summed up to exhibit the social costs for 
each SRI and conventional system. 

This study selected Dlingo village in Boyolali Dis-
trict, because paddy farmers in some locations in 
Boyolali have followed SRI training, imple-
mented SRI techniques, and during 2012–2013, 
the Boyolali Farmers Association received the 
International Market Ecology Organization 
(IMO) certificate. Their organic SRI rice produc-
tion has also been exported to Belgium. 

Data Analysis 

After the number of inputs and diesel use were 
obtained, as part of the LCI, the quantity of pollu-
tants discharged to the environment was calcu-
lated. The information of CH4 and N2O concentra-
tion taken from the study site were provided, 
and subsequently calculated flux and emissions 
of each pollutant. Furthermore, SO2, NOx, and 
PM10 emissions were also accounted by using the 
amount of input use and emission factors for 
each input. 

There were three steps in calculating CH4 and 
N2O emissions. Firstly, CH4 and N2O concentra-
tion were obtained from field observation by us-
ing the closed chamber method and analyzed by 
a gas chromatography device. Secondly, flux for 
each pollutant was calculated by using a formula 
explained in Equation 1. Thirdly, emissions of 
CH4 and N2O are estimated by using the emission 
estimated formula explained in Equation 2. 

The CH4 and N2O’s flux mean are the estimated 
numbers on how much gas is flowing out from 
paddy plants or land to air (Setyanto et al., 1999; 
Setyanto, 2012). The concentration rates of CH4 
and N2O for C0-35, C36-65, and C66-95 catego-
ries are used in calculating flux. Subsequently, 
CH4 and N2O flux are calculated by using a for-
mula (IAEA, 1993; Setyanto et al., 1999; 
Setyanto, 2004; 2012) as follows (Eq. 1): 

Binder1.pdf   24 2/25/2018   1:47:38 PM



International Journal of Environment and Sustainability, 2018, 7(1): 10-29 15 

 

 Science Target Inc. www.sciencetarget.com 

   [1] 

Notations in the formula are explained below: 

F = flux of CH4 and N2O gas (mg/m2/day) 

 = difference in CH4 and N2O concentrations 

per time (ppm/minute) 

= height of the chamber (m) 

= molecule weight of CH4 and N2O (mg) 

= constant volume of CH4 and N2O molecule 
(m3) 

= average temperature during sampling (°C) 

273.2 = a constant Kelvin temperature 

Total CH4 and N2O gas emission in a season for 
SRI is calculated by using Equation 2. The 
amount of CH4 and N2O flux is used to estimate 
total CH4 and N2O emissions per ha in a season 
from three paddy growing phases by using the 
following formula (Setyanto, 2004): 

     
[2] 

 = estimated gas emission (kg/ha/season) 

F0-35, F36-65, F66-95 = cumulative flux of 0–35, 
35–65, and 66–95 days after planting 

 = age of seed (days after planting) 

 = last day sampling (days after planting) 

 = age of paddy until harvesting 

For calculating SO2, NOx, and PM10 emissions, the 
quantity of gasoline, diesel, and chemical ferti-
lizer used in farming activities was obtained 
from field observation in the study site. After the 
average consumption of gasoline and diesel per 
ha has been calculated, SO2, NOx, and PM10 emis-
sions were accounted by multiplying the average 
consumption of gasoline and diesel per ha by 
emission factors for each pollutant. 

SO2   = (Qdiesel * EF SO2 for Diesel)   + (Qgasoline * EF 
SO2 for gasoline)  + (QCheFert * EF SO2 for Chemical 
Fertilizer) 

NOx   = (Qdiesel * EF NOx  for Diesel)   + (Qgasoline * EF 
NOx  for gasoline)  + (QCheFert * EF NOx for Chemical 
Fertilizer) 

PM10 = (Qdiesel * EF PM10  for Diesel) + (Qgasoline * EF 
PM10  for gasoline) + (QCheFert * EF PM10 for 
Chemical Fertilizer) 

SO2 + Nox + PM10      [3] 

SO2, Nox, PM10 = emission for SO2, NOx, and PM10 

Qdiesel, Qgasoline, QCheFert = the average consumption 
of gasoline, diesel and chemical fertilizer per ha. 

EF = emission factors 

By using the Global Warming Potential (GWP) 
concept supported by the Intergovernmental 
Panel on Climate Change (IPCC), the quantity of 
gaseous emission was transformed into carbon 
dioxide (CO2) equivalent. The GWP is a concept 
that accounts the effect of gaseous emissions 
over the whole sphere and the changes of gase-
ous concentration over time. This study used a 
100-year basis of the GWP concept to determine 
the carbon dioxide equivalent value of CO2 for 
CH4 and N20 gases resulted from SRI practice. 

The other gaseous emissions (SO2, NOx, and 
PM10) are conveyed in terms of hydrogen ion 
mass equivalent by multiplying the quantity of 
SO2, NOx, and PM10 emission with the coefficient 
of 31.3 for SO2 and 21.7 for NOx (Craighill and 
Powell, 1996). Due to the lack of coefficient data 
for PM10, the quantity of PM10 did not transfer 
into hydrogen ion mass equivalent. The sum of 
hydrogen ion mass equivalent is considered as 
the total environmental impact of acidification. 

In this study, the availability of nitrogen oxides 
(NOx) was measured. The quantity of these two 
emissions was transformed into a phosphate ion 
equivalent by using coefficient. The coefficient is 
0.13, and it was multiplied by the quantity of NOx 
(Craighill and Powell, 1996). The sum of the 
phosphate ion equivalent of NOx was considered 
as eutrophication environmental impact. 

Economic evaluation to estimate the value of 
each GHGs and non-GHGs emission in each rice 
production system was calculated by multiplying 
the quantity of each gas emission with the dam-
age values for calculating the external costs. The 
damage costs estimation was obtained from 
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study literature and it was based on the condi-
tion in the UK. The damage cost for each pollu-
tant were CO2 = 0.004 £/kg, CH4 = 0.072 £/kg and 
N20 = 0.614 £/kg (Craighill and Powell, 1996); 
SO2 = 2.58 £/kg, NOx = 1.27 £/kg, PM10 (particu-
lates less than 10 μm on diameter) = 8.98 £/kg 
(CEC, 1994).  

These damage costs were converted into Indone-
sia’s currency (IDR). The social cost was ac-
counted by summing up the production cost and 
the damage cost (external cost) for SRI system. 
The social costs were calculated and then the so-
cial benefits were determined from implement-
ing SRI. The results from LCA and economic eval-
uations were combined with information ob-
tained from interview results descriptively to 
produce policy recommendation on how to de-
liver the economic benefits to the farmers imple-
menting the SRI. 

 

Input–Output Inventory 
Input and labor costs 

In this part, the explanations are delivered by 
comparing the technical instruction book of SRI 
implementation released by the Ministry of Agri-
culture with the results of field observation in 

the study site. There are five types of input group 
explained in this part, i.e. seeds, organic fertiliz-
ers, chemical fertilizers, chemicals, and gasoline. 
The use of diesel for operating tractors was ob-
tained from Simatupang et al. (2009). Inputs use 
per ha are shown in Table 1. 

Input use in the conventional system was higher 
compared to the SRI, except for the use of organic 
fertilizer for the SRI (3,980 kg/ha), which was 
higher than the conventional system (876 
kg/ha). The conventional system’s input value 
was higher than the SRI’s input value (Table 1). 
Most of the farmers practicing both farming sys-
tems did not buy the organic fertilizer. They used 
and processed cattle waste as organic fertilizer 
because the farmers grow cattle and the cattle 
waste was abundant. 

Some farmers who did not have cattle or goats, 
but wanted to use cattle and goat manure, 
bought cattle or goat manure from their neigh-
bors who had cattle or goats manure surplus. 
The average cattle manure price was 753 
IDR/kg. Farmers also could buy organic fertilizer 
produced by a fertilizer factory in agricultural ki-
osks in the village, but they did not do it and pre-
ferred to use animal waste in order to minimize 
production cost.  

 

Table 1 

The use of inputs per ha on wetland paddy in Dlingo village, 2014-2015. 

Type of input SRI Conventional 
Unit Vol Price/Unit Value Vol Price/Unit Value 

Seeds kg 34 8,333 283,322 50 10,300 515,000 
Organic Fertilizers kg 3,980 

  
876 

  

Chemical Fertilizers: 
       

N (Urea) kg 
   

259 2,271 588,243 
P2O5 (SP-36) kg 1 2,200 2,200 263 2,200 578,810 
K2O (ZA) kg 

   
224 2,050 458,524 

NPK kg 
   

193 2,700 522,132 
Others kg 1 3,000 3,000 

   

Chemicals Rp 
     

278,346 
Gasoline liter 15 7,500 109,500 21 7,833 162,926 
Total 

   
398,022 

  
3,103,981 

Source: primary, computed. 
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Table 2 

Labor cost per ha on wetland paddy in Dlingo village, 2014-2015. 

Type of activity Source of Labor Sex SRI Conventional 
Hours 
spent 

Wage per 
hour 

Total  Hours 
spent 

Wage per 
hour 

Total 

Seed Breeding Family Female 1 
     

  
Male 69 

  
97 

  
 

Outside Family Female 
      

  
Male 9 9,500 85,500 

   
 

Total 
 

79 
  

97 
  

Tillage 
    

1,364,064 
  

1,188,639 
Revocation and removal of seeds Family Female 

   
11 

  
  

Male 8 
  

61 
  

 
Outside Family Female 

   
6 10,000 60,000   

Male 34 10,889 370,226 
   

 
Total 

 
42 

  
78 

  

Planting Family Female 
   

53 
  

  
Male 

      
 

Outside Family Female 104 9,079 944,216 94 9,375 881,250   
Male 18 10,750 193,500 18 8,750 157,500  

Total 
 

122 
  

165 
  

Waterways improvement Family Female 
      

  
Male 59 

  
178 

  
 

Outside Family Female 
      

  
Male 222 10,194 2,263,068 

   
 

Total 
 

281 
  

178 
  

Organic Fertilizer Application Family Female 23 
  

5 
  

  
Male 63 

  
5 

  
 

Outside Family Female 34 8,750 297,500 
   

  
Male 41 10,550 432,550 

   
 

Total 
 

161 
  

10 
  

Inorganic Fertilizer Application Family Female 
   

22 
  

  
Male 

   
41 

  
 

Outside Family Female 
      

  
Male 

      
 

Total 
 

- 
  

63 
  

Weeding Family Female 19 
  

98 
  

  
Male 96 

  
160 

  
 

Outside Family Female 48 10,929 524,592 11 10,929 120,219   
Male 32 10,667 341,344 9 10,667 96,003  

Total 
 

195 
  

278 
  

Spraying Family Female 
      

  
Male 20 

  
43 

  
 

Outside Family Female 2 12,500 25,000 
   

  
Male 

      
 

Total 
 

22 
  

43 
  

Harvesting Family Female 17 
  

27 
  

  
Male 19 

  
28 

  
 

Outside Family Female 76 9,219 700,644 50 9,821 491,050   
Male 99 10,421 1,031,679 70 10,393 727,510  

Total 
 

211 
  

175 
  

Total 
  

1,113 
 

8,573,883 1,087 
 

3,722,171 
All labors as cost 

  
1,113 10,287 11,449,802 1,087 10,287 11,182,331 

Source: primary, computed 
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The information about labor use is shown in Ta-
ble 2. This research labor use into 10 farming ac-
tivities, namely seed breeding, tillage, revocation 
and removal of seeds, planting, waterways im-
provement, organic fertilizer application, inor-
ganic fertilizer application, weeding, spraying, 
and harvesting. The use of labor was provided in 
working hours. The maximum working hour per 
day was 8 hours. This information was divided 
by source of labor (family labor or outside family 
labor) and sex (male or female). This study as-
sumed that family labors were not paid by farm-
ers. The wage was the average wage for each 
farming activity per hour, and included meals 
and cigarettes given by farmers for each labor. 

Total working hours per ha of SRI practice was 
1,113 working hours, with the assumption that 
farmers produced unhulled rice and sold it to 
traders without further processing, such as dry-
ing or grading (Table 2). These working hours 
were very close to other research results, stating 
that effective working hours in Boyolali District 
were 1,277 working hours (Mahananto et al., 
2009). The SRI system desired high working 
hours in waterways improvement, organic ferti-
lizers application, and harvesting phases. The to-
tal labor cost was 8.57 million IDR/ha. 

Other Costs 

Other costs were defined as the costs that do not 
include input or labor costs such as land tax, bags 
for packing unhulled rice, needle and thread for 
tailoring bags, pumps because a few farmers 
used pumps for watering their paddy field, and 
others, to cover a small amount of costs during 
the farming process (Table 3). Land tax was im-
posed to each land that was used for growing 
paddy. The amount of land tax was different for 
each land depending on its location. If the land is 
fertile according to the village officials’ survey 
and close to the village’s main road, the land tax 
is more expensive and vice versa. The average 
land tax on SRI farmers was lower compared to 
conventional farmers because the locations of 
SRI farmers’ land were near the natural spring 
and in terracing areas. In contrast, the conven-
tional farmers’ lands were in a flat location and 
near the irrigation canal and village main road. 

 

Table 3 

Other cost per ha on wetland paddy in Dlingo 
village, 2014-2015. 

Type of other costs Unit SRI  Conventional  
Land Tax  IDR  78,047 104,626 
Bag  IDR  181,742 234,023 
Needle and thread  IDR  28,731 57,572 
Pump  IDR  124,636 === 
Others  IDR  152,636 196,658 
Total  IDR  565,792 592,879 

Source: primary, computed. 

 

The cost of bags, and needle and thread for the 
conventional system was higher because farm-
ers bought new bags for each season. Meanwhile, 
pump cost was spent by SRI farmers because a 
few farmers’ land locations needed to use a 
pump to siphon water due to their land location 
in terracing area.  

Production and Benefit 

The production of unhulled rice per ha for SRI 
was 6.24 tons/ha, and for the conventional sys-
tem, 6.57 tons/ha. A minor difference of produc-
tion between the SRI system and the conven-
tional system ensued because most of the SRI 
farmers have implemented the SRI system since 
2006. The paddy production will decrease in the 
first 2–3 years after farmers decide to alter their 
farming system from conventional to SRI or or-
ganic system. After 3 years of implementing SRI, 
the paddy production will increase until it is 
closer to conventional production (FAO, 2002; 
Mayrowani, 2013; Ministry of Public Works of 
Republic of Indonesia, 2009; Setyanto, 2004). 
However, according to the SRI farmers in this 
study, SRI paddy production has not ever sur-
passed the conventional paddy production.  

The average price of unhulled rice per ha was 
also different between the SRI and conventional 
system. The price of SRI’s unhulled rice was 
4.433 IDR/kg, higher than the conventional un-
hulled rice production (4.333 IDR/kg). The 
higher price received by SRI farmers took place 
because SRI farmers have already had a “prom-
ise” from buyers (in this case, the buyer is Boyo-
lali Farmers Alliance or APPOLI). The “promise” 
did not mean a written contract, but a deal be-
tween farmers and buyer that if the farmers 
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planted paddy with the same variety as the buy-
ers wanted to buy in harvesting season, farmers 
will receive the higher price than the price imple-
mented at the time farmers harvested. However, 
if SRI farmers did not sell their unhulled rice to 
APPOLI but to other buyers or to the open mar-
ket, they will receive the same price as the con-
ventional product or the price that applied at the 
time farmers sold their product. 

Farmers’ private revenue for each system was 
calculated by multiplying the average of price 
per kg with the average of total unhulled rice per 
ha. For SRI, farmers’ private revenue was 27.64 
million IDR/ha. Meanwhile, farmers’ private rev-
enue for the conventional system was 28.48 mil-
lion IDR/ha. The slightly higher price of the con-
ventional system private revenue occurred due 
to the higher yield (338 kg/ha) and minor differ-
ence of price (100 IDR/kg). The SRI farmers’ 
benefit was 18.1 million IDR/ha and conven-
tional farmers obtained 21.0 million IDR/ha.  

The use of inputs and gasoline in the SRI and con-
ventional system were higher than the standard 
stated in technical books or the Ministry of Agri-
culture’s provision. In SRI, seed use was higher 
than the standard, meanwhile organic fertilizer 

and gasoline use were still in the range of stand-
ard. In the conventional system, chemical ferti-
lizer use is very high compared to the Ministry of 
Agriculture recommendation. In this case, farm-
ers thought that by using more chemical fertiliz-
ers, paddy production will also increase. 

All input prices obtained by farmers were higher 
compared to government’s provision. Farmers 
received higher price because their paddy fields 
were far from the kiosks selling inputs so that de-
livering inputs need added costs. Besides, the in-
put prices depend on the quality of the products 
and farmers had some choices relating to many 
kinds of brands of inputs sold in the kiosks. 
Farmers will pay different prices for each input.  

Comparing SRI practices carried out by farmers 
and SRI practices in SRI technical books, there 
were some differences found in the study site. 
SRI farmers did not do seed breeding in a small 
container, instead carried it out in the field. 
There were also a few farmers who used chemi-
cal fertilizers for growing seeds. Farmers also did 
not plant one seed for each planted hole. How-
ever, most of the SRI practices were carried out 
by SRI farmers, except some minor differences. 

 

 

Table 4 

The concentration rate of CH4 (ppm) and N2O (ppb) per minute for SRI and Conventional System. 

Pollutants Concentration's category SRI Conventional 
CH4 C0-35 0.0455 0.8375 

 (0.0490) (0.1866) 
C36-65 0.0114 0.2094 
 (0.0123) (0.0466) 
C66-95 0.0228 0.4188 
 (0.0245) (0.0933) 

N2O C0-35 0.0758 3.9492 
 (0.0523) (2.6766) 
C36-65 0.0190 0.9873 
 (0.0131) (0.6692) 
C66-95 0.0379 1.97458 
 (0.0262) (1.3383) 

Source: primary, computed. Note: figures in parenthesis are standard deviation. Data calculated by, for example, sampling at t, 
minus sampling at t-1, and carried out for all intervals, and then averaged per minute. 
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Table 5 

Properties for calculating CH4 and N2O Flux for SRI and conventional system. 

Items Unit SRI Conventional 
CH4 box's height m 1.03  1.03  
N2O box's height m 0.2  0.2  
CH4's molecule weight mg 16.12 x 103  16.12 x 103  
N2O's molecule weight mg 44.01 x 103   44.01 x 103   
Constant volume of CH4 and N2O's molecule m3 22.41 x 10-3 22.41 x 10-3 
Average temperature during sampling Kelvin's degree 303.60 303.30 

Source: primary, computed. 

 

GHGs and Non-GHGs Emission 
The Concentration of CH4 and N2O 

To calculate CH4 and N2O fluxes, the rates of CH4 
and N2O concentration were accounted first. The 
concentration of CH4 was obtained from three 
points (three sample locations) in a 1 ha plot. The 
N2O concentration was also gained from the 
same points. By taking gas samples for every 5 
minutes until 25 minutes, the concentration of 
CH4 was taken from each point. Meanwhile, for 
N2O, a gas sample was taken for every 10 
minutes until 50 minutes. The measurement of 
GHGs concentration is calculated in three catego-
ries, i.e. firstly, when the age of paddy was 35 
days after planting (namely C0-35), secondly, the 
age of paddy was 65 days after planting (namely 
C36-65), and thirdly, when age of paddy was 95 
days after planting (namely C66-95). The con-
centration of CH4 and N2O can be seen in Table 4. 

The Properties for Calculating Flux 

There are some properties that should be meas-
ured to calculate flux, i.e. the height of the CH4 
and N2O chamber used in taking samples pro-
cess, the weight of CH4 and N2O molecules, con-
stant volume of CH4 and N2O's molecule, and av-
erage temperature during sampling. These prop-
erties are measured in order to determine all pa-
rameters needed in flux’s formula in Equation 1. 

The height of CH4 and N2O chambers were taken 
from the field. The CH4 chamber was 103 cm or 
1.03 m. Meanwhile, the height of the N2O cham-
ber was 20 cm or 0.2 m. The weight of the CH4 
and N2O molecules were obtained from the liter-
ature (IAEA, 1993; Khalil et al., 1991; Setyanto, 

2004). Constant volume of CH4 and N2O's mole-
cules was obtained from Avogadro’s Law stating 
that “the principle that equal volumes of all gases 
at the same time temperature and pressure con-
tain the same number of molecules. Thus, the 
molar volume of all ideal gases at 0 °C and a pres-
sure of 1 atm is 22.4 liters” or 22.41 x 10-3 m3 ac-
cording to IAEA (1993). Average temperatures 
were obtained from field observation, and meas-
ured in the degree of Celsius. In the GHGs’ flux 
calculation, the average temperature was con-
verted to the degree of Kelvin. Table 5 shows all 
properties for calculating CH4 and N2O flux for 
SRI. 

CH4 and N2O Flux 

The flux of CH4 and N2O for each growing phase 
is shown in Table 6. The “F” notation in the table 
means flux and F0-35 refers to flux at the age of 
0–35 days after planting, F36-65 is in flux at the 
age of 36–65 days after planting, and F66-95 
means flux at the age of 66–95 days after plant-
ing.  

The CH4 and N2O flux showed the lower results 
from other findings. Ly et al. (2013) showed that 
CH4 flux in a paddy field in Cambodia was be-
tween 200 and 400 mg/m2/day and N2O fluxes 
varied between 7 and -6 mg/m2/day. Ly et al. 
(2013) also revealed that CH4 flux for SRI was 
higher than CH4 flux for conventional rice farm-
ing system. The same results also exhibited by 
Setyanto and Kartikawati (2008), explained that 
the highest CH4 flux in SRI in Pati District, Central 
Java Province in Indonesia, was only 455 
mg/m2/day and for a conventional system, it 
could reach 633.8 mg/m2/day.  
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Table 6 

The CH4 and N2O’s flux in three growing phases (mg/m2/day). 

Pollutants Flux's category SRI Conventional 
CH4 F0-35 43.4731 72.4551 

F36-65 10.8683 18.1138 
F66-95 21.7365 36.2276 

N2O F0-35 0.6400 3.0181 
F36-65 0.1600 0.7545 
F66-95 0.3200 1.5091 

Source: primary, computed. 
 

Table 7 

CH4 and N2O emission (kg/ha/season) and CO2 equivalent for SRI and conventional system. 

Type of GHGs SRI Conventional 
Emission CO2 Equivalent Emission CO2 Equivalent 

CH4 18.900217 472.50 31.500298 787.51 
N2O 0.293390 87.43 1.3834587 412.27 

Source: primary, computed. 
 
Setyanto and Kartikawati (2008) also explained 
that the CH4 flux in paddy field was increased in 
the beginning of days planted, decreased at 65 
days and slightly increased on days before 
harvesting time. However, Towprayoon et al. 
(2005) outlined that average fluxes of CH4 in a 
paddy field in the central plain of Thailand were 
only 140–218 mg/m2/day, or lower compared to 
Ly et al. (2013) and Setyanto and Kartikawati 
(2008) findings. 

CH4 and N2O Emission 

The estimation of CH4 and N2O emissions for SRI 
is shown in Table 7. The calculation of CO2 equiv-
alent was performed by multiplying the emission 
of each gas with a coefficient of Global Warming 
Potential (GWP) for each gas, which is 25 for CH4 

and 298 for N2O (Craighill and Powell, 1996; Lv 
et al., 2010; Setyanto, 2004). After the CO2 equiv-
alent for both gases were determined, it can be 
understood that N2O emission was higher than 
CH4 emission.  

The calculation of CH4 emissions was lower com-
pared to Setyanto and Kartikawati’s (2008) find-
ings, which was 60.73 ± 9.13 kg/ha/season. Kha-
lil et al. (1998) outlined that methane emission 
reached its highest rate at 100 kg/ha/season 
around the time of flowering and dropped slowly 
to reach 10 kg/ha/season at harvest time. The 

two most important factors to explain the volati-
lization of methane emission were soil tempera-
ture variations and fertilizer application. The 
higher GHGs emission of the conventional sys-
tem drove higher impacts on the rising global 
temperature on earth and it might affect human 
health, animal and crop life, and ecosystems 
(Craighill and Powell, 1996; de Boer 2003; FAO, 
2001; Lv et al., 2010; Scialabb and Hattam, 
2002). Comparing the emission of GHGs pollu-
tant between SRI and conventional practice 
showed that SRI emission is lower than conven-
tional practice. 

In SRI, intermittent water management is ap-
plied, having an impact on less water use in farm-
ing practice. By applying reducing water use in 
the paddy farming system, it will cut CH4 emis-
sions. Some research results exhibited that inter-
mittent water management in SRI reduced soil 
population methanogens, bacteria synthesizing 
CH4, and increased the methanotrophs popula-
tion, aerobic bacteria that ingest CH4 (Rajkishore 
et al., 2013; Uphoff, 2015).  

Emission of SO2, NOx and PM10 

After calculating GHGs emission in the previous 
phase, this phase estimated non-GHGs emis-
sions. Firstly, chemical fertilizers, gasoline, and 
diesel were considered as the sources of SO2, 
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NOx, and PM10, or non-GHGs emissions. There 
were four kinds of chemical fertilizers, i.e. N, 
P2O5, K2O, and NPK (contains 15% N, 15% P2O5, 

and 15% K2O). The use of chemical fertilizers, 
gasoline, and diesel per kg unhulled rice pro-
duced were obtained from input-output analysis. 
Table 8 provides the use of chemical fertilizers 
(N, P2O5, K2O, and NPK), gasoline, and diesel per 
kg unhulled rice produced. 

Secondly, emission factors of SO2, NOx and PM10, 
which were explained as numbers showing the 
estimation on how much emission of each unit 
non-GHGs (Haites, 1990; Le et al., 2013), were 
determined for each source of non-GHGs emis-
sions. The emission factors were taken from the 
GREET database and have been applied by Le et 
al., (2013). The emission factors for calculating 
non-GHGs emissions are shown in Table 8. 

Thirdly, SO2, NOx, and PM10 emissions were cal-
culated by multiplying the use of chemical ferti-
lizers, gasoline, and diesel per kg unhulled rice 
produced and the emission factors. In this study, 
emissions from the production of chemical in-
puts, organic fertilizers, and other insignificant 
inputs were disregarded due to the lack of emis-
sion factors data. Information in Table 9 shows 
the amount of emission per kg for each type of 
non-GHGs. The estimation of H+ equivalent for 
each non-GHGs emission was calculated by mul-
tiplying each non-GHGs emission with coeffi-
cients of 31.3 for SO2 and 21.7 for NOx (Craighill 
and Powell, 1996). The results can be seen in Ta-
ble 9. Comparing the emission of non-GHGs pol-
lutant between SRI and conventional practice 
showed that SRI emission is lower than conven-
tional practice.  

 

Table 8 

Chemical fertilizers, gasoline and diesel use per kg unhulled rice produced and emission factors of 
non-GHGs. 

Sources of non-GHGs 
emission 

The use of inputs per kg unhusked 
rice produced 

Emission Factors 

Unit SRI Conventional Unit SO2 NOx PM10 
Chemical Fertilizers:        
N kg - 0.022454 g/kg 3.027600 4.664800 0.653600 
P2O5 kg 0.000160 0.007378 g/kg 7.379300 2.315200 0.852300 
K2O kg - 0.031756 g/kg 1.156200 1.482000 0.220300 
NPK kg - 0.013793 g/kg 3.854367 2.820667 0.575400 
Gasoline MJ 0.077470 0.108450 g/MJ 0.013600 0.021800 0.002200 
Diesel MJ 0.103290 0.103290 g/MJ 0.013100 0.021400 0.002100 

Sources: primary and Le et al. (2013), for emission factors, computed. 
 

 

Table 9 

SO2, NOx and PM10 emission (kg/ha/season). 

Type of non-GHGs SRI Conventional 
Emission H+ Equivalent Emission H+ Equivalent 

SO2 0.0000036 0.0001123 0.0002151 0.0067337 
NOx 0.0000043 0.0000927 0.0002124 0.0046084 
PM10 0.0000005 0.0000000 0.0000359 0.0000000 

Source: primary, computed. 
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Table 10 

Converting damage costs of GHGs and non-GHGs for the UK to damage costs for Indonesia 

Pollutants Damage cost for UK  
(£/kg) 1 

Adjusting factors 2 Damage cost for 
Indonesia (IDR/kg) GDP/cap ratio Population density ratio 

CH4 0.072 0.20299 0.44718 45.04 
N2O 0.614 0.20299 0.44718 384.115 
SO2 2.584 0.20299 0.44718 1,616.54 
NOx 1.270 0.20299 0.44718 794.51 
PM10 8.980 0.20299 0.44718 5,617.84 
Source: 1 Craighill and Powell (1996), computed; 2 FAO and CBS of Indonesia, computed.  
Note: Exchange rate used in converting damage costs is 6,891.85 IDR/£ (Source: Bank of Indonesia, average exchange rate in 
2014, PPP). 

 

Acidification is the discharging of emission of 
gasses into the air and when mixed with other 
molecules in the atmosphere resulting in acidifi-
cation of ecosystems (Craighill and Powell, 1996; 
de Boer, 2003). The higher the emissions of S02, 
NOx and PM10 calculated in this study meant the 
increase of aluminum concentration in ground 
water and affected the growth of root of crops, 
and at the end, increased the potential of crop 
damage because of diseases and drought. In-
creasing the concentration of aluminum in 
ground water will be toxic to human and animal 
life. 

Surface water nitrification, also known as eu-
trophication, is an added emission of substrates 
and gasses to the surface water and air that boost 
the growth pattern of ecosystems. Nitrogen nitri-
fication will agitate the balance of nutrient com-
position in soil that can lead to the increase the 
vegetation composition into abundant nitrogen 
loving species. Enhancing the level of nitrogen in 
nitrate form into the groundwater consumed by 
humans will cause oxygen deficiency in human 
blood, particularly for children. The higher NOx 
emission (NOx in phosphorus ion equivalent was 
calculated by multiplying coefficient of 0.13 with 
the amount of NOx emission, equals to 5.6E-07 
kg/ha/season for SRI and 2.76E-05 kg/ha/sea-
son for conventional) meant the higher phospho-
rus eutrophication that increases the growth of 
algae and plants and when they die, the micro-
bial degradation will decrease the amount of ox-
ygen in the water, decreasing the capacity of wa-
ter to maintain life (de Boer, 2003).  

 

Damage Cost 
Due to the lack of damage costs of GHGs and non-
GHGs data in Indonesia, this study applied prox-
ies for damage costs. This research used damage 
costs in the UK from Craighill and Powell (1996) 
and adjusted the damage costs for Indonesia. 
This study applied the same method that Le et al., 
(2013) performed, which used gross domestic 
product (GDP) per capita and population density 
as two adjusting factors based on the assumption 
that the difference between the UK and Indone-
sia, regarding willingness to pay and physical 
damage per kg pollutant as two foundations in 
calculating damage costs, could be reflected by 
these two adjusting factors. The ratios of GDP per 
capita (PPP) and population density between the 
UK and Indonesia were used as two adjusting 
factors. Damage costs for UK multiplied by ad-
justing factors were calculated to exhibit damage 
costs for Indonesia (Table 10). 

Total damage costs of each pollutant for SRI and 
conventional system were calculated by multi-
plying damage costs for Indonesia from Table 10, 
with CH4 and N2O emission stated in Table 7 for 
GHGs, and SO2, NOx, and PM10 emissions showed 
in Table 9 for non-GHGs. Total damage costs for 
SRI and the conventional system are counted by 
adding up the damage cost from each pollutant. 
Total damage costs are measured per kg un-
hulled rice and per ha paddy field (Table 11). 
Comparing the damage costs of GHGs pollutants 
and non-GHGs pollutant between SRI and con-
ventional practice showed that conventional 
damage cost was higher than conventional prac-
tice.  
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Table 11 

Total damage cost per kg unhulled rice and per ha paddy field for SRI and conventional system. 

Pollutants SRI Conventional SRI Conventional 
(IDR/kg) (IDR/ha) 

CH4 3 5 21,283 33,583 
N2O 6 24 35,471 150,359 

GHGs 9 29 56,754 183,942 
SO2 0.18 10.89  1,132  71,549  
NO2 0.07  3.66  459  24,066  
PM10 0.00  0.20  18  1,342  

Non-GHGs 0.26  14.75  1,609  96,958  
Total (GHGs + Non-GHGs) 9  44  58,363  280,899  

Source: primary, computed. 
 

Table 12 

Private cost, damage cost and social cost of System of Rice Intensification and conventional rice pro-
duction system.  

Items SRI Conventional 
(IDR/kg) (IDR/ha) (IDR/kg) (IDR/ha) 

Private cost 1,529.70 9,537,697 1,128.71 7,419,031 
Damage (external) cost 9 58,363 44 280,899 
% damage cost to private cost 0.59 0.61 3.90 3.79 
Social cost (No. 1) + (No. 2) 1,539 9,596,060 1,173 7,699,930 
Revenue 4,433 27,639,755 4,333 28,480,809 
Benefit: 

    

Net Private Benefit (No. 5) – (No.1) 2,903 18,102,058 3,204 21,061,778 
Net Social Benefit (No. 5) – (No. 4) 2,894 18,043,695 3,162 20,780,879 

Source: primary, computed. 
 

Social Costs 
This section provides the calculation of social 
costs by internalizing the damage costs. Social 
costs for SRI were calculated by adding up pri-
vate cost and damage costs. Social costs were 
measured for per kg unhulled rice and per ha 
paddy field. Private costs per kg unhulled rice 
were calculated by adding up input costs, labor 
costs, and other costs, and dividing by total un-
hulled rice production. Private cost per kg was 
1,529 IDR/kg unhulled rice (Table 12). 

In calculating SRI’s private cost, this research 
showed that labor cost (its share of total produc-
tion cost was 70%) and organic fertilizer costs 
(16%) became two important calculations due to 
its highest share. In the Dlingo Village case, al-
most all SRI farmers had cattle and/or goats, and 
used cattle waste and goat waste as organic fer-
tilizers. A few SRI farmers also used compost as 

organic fertilizer. SRI farmers did not have to buy 
the organic fertilizer because the amount of or-
ganic fertilizer was abundant. SRI farmers used 
3,980 kg organic fertilizer per ha. By using the 
average of organic fertilizer price 753 IDR/kg, 
private cost for SRI increased 2.99 million 
IDR/ha (31.4% of total private cost), if organic 
fertilizer is considered as a cost. Meanwhile, real 
labor costs (“real” refers to input-output data 
taken from the study site, without adding some 
adjustments or scenarios) for SRI was 8.57 mil-
lion IDR/ha/season.  

Farmers who implemented the organic produc-
tion system or SRI had lower damage cost, i.e. 9 
IDR/kg unhulled rice. Calculating per ha, the 
amount of damage cost will be important to be 
considered because if the farmers deliberated to 
change the rice production method from the con-
ventional system to SRI, farmers are estimated to 
reduce damage cost 35 IDR/kg unhulled rice or 
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80% of the conventional system’s damage cost. 
Although the percentage of damage cost to pri-
vate cost was only 0.59–3.90%, if damage cost 
was multiplied by the paddy area in Indonesia, 
the amount will be significant. The social cost per 
kg unhulled rice of SRI was 1,539 IDR/kg un-
hulled rice. Due to the higher the amount of SRI 
private cost compared to conventional private 
cost, although social costs have been internalized 
into private cost, net private benefit, and net so-
cial benefit of practicing SRI were lower com-
pared to conventional practice (Table 12). 

 

Discussion 

There are many factors influencing GHGs meas-
urement. Wang et al. (1993), outlined that the 
methane flux measurement in some rice field ar-
eas in China differs significantly from the me-
thane emissions pattern and amount in other ar-
eas. Methane emission fluxes exhibited diurnal 
variations throughout the entire paddy growing 
season for the early paddy, which is the paddy 
planted and harvested in 90–100 days, and the 
late rice, which is the paddy harvested in 100–
120 days. Wang’s findings showed that methane 
emission is estimated 17 x 1012 g/(m2*year). 
However, methane emission reached 16.2 
g/(m2*year) for early rice and 75.9 g/(m2*year) 
in 3 years research in Leshan (1988–1990), and 
7.8 g/(m2*year) for early rice and 28.6 
g/(m2*year) for late rice in Hangzou. These find-
ings are also supported by Setyanto (2004) and 
Setyanto et al. (2012) revealed that different 
paddy varieties will be one of the reasons re-
searchers found the different amounts of me-
thane emission.  

Besides, local climate, soil types, and paddy 
growing activities are another important factor 
in measuring emission rates (Dan et al., 2001; 
Setyanto and Kartikawati, 2008; Setyanto et al., 
2012; Wang et al., 1993). By comparing year to 
year emission data in 1988–1989, the methane 
emissions showed the difference of flux patterns 
because the temperature is different during the 
period of measurement. Soil and air temperature 
also could make a different on methane meas-
urement. The chemical fertilizer application is 
also a major factor impacted on the different 

measurement of methane emission because fer-
tilization caused the enhancement of paddy 
growth due to additional substrate that conse-
quence of the increasing of methane production.  

At the time GHGs were measured in the field, the 
in situ measurements were also important fac-
tor. The time of the sample taking process deter-
mined the results. In the morning, the methane 
emission rate is higher than in the afternoon. If 
the research objective is to compare such as SRI 
and the conventional system, the sample taken 
from the two areas must be at the same time or 
if there is a time difference, it would be within a 
very short period. 

The findings mentioned above indicate the com-
plex nature of the factors governing the meas-
urement of GHGs can influence the research re-
sults. In this case, a researcher should be cau-
tious in calculating the total seasonal emission. 
Because there are many factors influencing the 
GHGs emission measurement, another research 
could be carried out in order to enrich the vari-
ous findings of GHGs measurement in different 
climatic condition, paddy variety, locations, and 
measurement methods. 

In calculating damage costs, this research used 
damage cost for each pollutant and used damage 
costs data published by Craighill and Powell 
(1996) in the UK. Some literatures have calcu-
lated the social costs converting each pollutant 
into CO2, H+ and phosphate equivalent, and then 
used the damage cost published data that ac-
counted the damage cost for each CO2, H+ and 
phosphate equivalent (Nordhaus, 2011; Pretty et 
al., 2000). In present research, the total damage 
cost is calculated by using the damage cost for 
each pollutant, not the damage cost for each CO2, 

H+ and phosphate equivalent. Calculating the to-
tal damage costs by using different damage costs 
techniques will produce the different results. 
This means all monetary estimates are subject to 
varying degrees of uncertainty, depending on 
various methods use. For larger research, calcu-
lating the damage cost directly in the field would 
be an advantage to enrich published data about 
damage costs. 
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Conclusions and Policy Recommenda-
tions 
Production cost of 1 kg unhulled rice by applying 
System of Rice Intensification was 1,529 IDR/kg 
or 9.54 million IDR/ha/season. By implementing 
the SRI system in producing 1 kg unhulled rice, 
farmers could reduce the quantity of CH4 emis-
sion from 31.5kg/ha/season to 18.94 kg/ha/sea-
son or decreased 40%. N2O emission could also 
be decreased by transferring their conventional 
farming practice to SRI from 1.383 kg/ha/season 
to 0.293 kg/ha/season or decreased 78.8%. In 
line with GHGs emission, the quantity of SO2, 
NOx, and PM10 emission in producing 1 kg un-
hulled rice were also diminished by implement-
ing SRI system. By implementing the SRI system, 
it produced 0.0000036, 0.0000043, and 
0.0000005 kg/ha/season, correspondingly. 

The damage cost of CH4 and N2O emission in pro-
ducing 1 kg unhulled rice by applying SRI were 3 
IDR/kg and 6 IDR/kg, respectively. Damage cost 
of SO2, NOx, and PM10 produced by SRI system 
was relatively very low. The damage cost of SO2, 
NOx, and PM10 were 0.18, 0.07, and 0.00 IDR/kg 
unhulled rice, respectively. Total damage cost of 
GHGs and non-GHGs of producing 1 kg unhulled 
rice by applying SRI was 9 IDR/kg unhulled rice. 
Converting to 1 ha, the total damage cost of prac-
ticing SRI was 58,363 IDR/ha/season. The social 
cost of producing 1 kg unhulled rice by imple-
menting SRI was 1,539 IDR/kg unhulled rice.  

In summary, the social cost calculation in this re-
search proved that there is much economic ben-
efit if farmers intend to transfer their rice pro-
duction practice from conventional to SRI, even 
though the economic benefits are intangible. The 
government could take these advantages by us-
ing carbon trading mechanism. By using the SRI 
extended area in 2015, as much as 200,000 ha, 
the government could receive 222,536 IDR per 
ha or 44.51 billion IDR/200,000 ha. This esti-
mated economic benefit can be used by the gov-
ernment to improve farmers’ welfare or to sup-
port organic farming system in Indonesia such as 

providing added input subsidies for SRI farmers, 
improving the village road for easing and lower-
ing rice transaction cost, or even providing a 
price subsidy. Besides, the government could fa-
cilitate SRI farmers for producing premium rice 
since SRI method based on organic practice. All 
those on benefits can be chosen by the govern-
ment to enhance the SRI method and the area 
through its counseling programs. 

This research only uses 100 farmers for collect-
ing input-output data and considers a very small 
number of samples. If the number of samples is 
increased, the findings would be different. This 
research also only had three points of observa-
tion and performed three times sample taking 
for GHGs emissions in a season, which were cat-
egorized as a small number of samples. This re-
search was performed in a village as a study site, 
and the findings in this research cannot be used 
as an estimation of a larger area situation, in In-
donesia as an example. 
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Introduction 
The ideal of environmental protection forms a 
core basis for the discussions in this article. To 
proceed, we would posit, to wit, that whether in 
Nigeria or elsewhere, the discussions on sanc-
tioning as a principle of environmental law 
hinges on a justification as to why there should 
be sanctions in the first instance. Thus, it is trite 
to inquire if and why there is even a need to pro-
tect the environment.  

A consensual protection of the ecosystem has 
been viewed as the only solution to the global en-
vironmental challenges (Oks, 2015). Hence, not 
only are all of earth’s resources finite, they are 
also important for continued functionality of 
planet earth, and are interconnected with each 
other. The above position tallies with the view of 
some other environmental schools, to wit, that 
the need for environmental protection stems 
from the critical issues of maintaining good hu-
man health (Chartered Institute of Environmen-
tal Health, 2017), eliminating or at least curbing 
the notorious global warming and climate 
change challenge, reducing the depletion of 
earth’s finite resources (Mensah and Castro, 

2014), and the fact that matters of environmen-
tal concern are integral to other aspects of life 
and societal construction (such as policy and po-
litical concepts) (Scotford, 2017). 

It is therefore deducible from the foregoing that 
while environmental protection is the basis for 
environmental law, it also maintains necessary 
harmony with the other subjects of life that 
might be affected by environmental issues. In ad-
dition, the formulation of effective legislation re-
mains a key challenge for many governments.  

For this article, “effectiveness” as adopted from 
the English Oxford online dictionaries (2017) 
means “the degree to which something is success-
ful in producing a desired result; success.” It there-
fore implies that a legislation can only be deemed 
effective when it has succeeded in the purpose 
for its enactment. Similarly, “sanctioning” as 
adopted from the Merriam-Webster online dic-
tionary (2017) means “a mechanism of social 
control for enforcing a society's standards.” Relat-
ing these concepts to Nigeria, it would therefore 
be expected that legislation set out to sanction 
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pollution in Nigeria’s oil sector would have failed 
to be effective, if despite the presence of such 
seeming legislation, oil pollution continues un-
deterred.   

 

Pollution in Nigeria’s Oil Sector 
Pollution sources in Nigeria include industrial 
plants of manufacturing organizations, domestic 
household wastes and other decomposing waste, 
solid mineral mining activities, as well as petro-
leum mining activity (Kesiena and Didigwu, 
2012). Even more, a discharge of industrial and 
individual household (untreated) wastes, and 
soil erosions, as sources of this, form pollution. 
Relative to the above discourse, flooding has 
been identified as another major source of envi-
ronmental pollution in Nigeria (Kesiena and 
Didigwu, 2012). The United Nations Develop-
ment Programme (UNDP) announced that the 
Lagos flooding arose from rivers and streams 
overflowing their banks (Kesiena and Didigwu, 
2012).  

Furthermore, activities such as bush burning 
that results in deforestation has been highlighted 
as a source of soil pollution (Ityavyar and 
Thomas, 2012). A notable scholar has posited 
that when ground is broken for farming or com-
mercial purposes, vegetation is removed expos-
ing the soil layer to unnecessary contractions 
from construction equipment (Peters, 2015). 
Runoff and storm flow increase, while land ero-
sion is enhanced thus increasing sedimentary 
loads down the alley (Peters, 2015). This effect 
obstructs smooth flow, thus increasing flooding 
and shift in configuration of the channel bottom 
(Peters, 2015). It equally alters species of fish 
due to the changes produced in the flora and 
fauna upon which the fishes depend (Peters, 
2015).  

However, none of these pollution sources seem 
to have equaled the extent of environmental 
damage that has been caused by Nigeria’s oil and 
gas sector (Orubu et al., 2004). Indeed, scholars 
of environmental law trace a bane of Nigeria’s oil 
pollution to the 1956 discovery of oil in Oloibiri, 
Bayelsa state (Mmadu, 2013). They assert that 
the environmental pollution and degradation 
that has emanated from oil spill in Nigeria has led 

to the destruction of landscape, loss of arable 
farmlands, aesthetic environment, fishing opera-
tions, revenue, and sometime lives (Kadafa, 
2012). Instances of death resulting from oil pol-
lution in Nigeria’s Niger Delta include the re-
ported death of over 100 persons in the Jesse in-
ferno, as well as the numerous deaths from the 
Idaho crude oil platform spill which tragically af-
fected five communities (Peters, 2015).  

A reason for the huge effects the oil and gas in-
dustry has had on the Nigerian environment and 
public health, as against other common sources 
of pollution identified above, might not be un-
connected to the fact that the oil and gas sector 
is a sizable portion of the Nigerian economy 
(Akinlo, 2012; Uwakonye et al., 2006). Scholars 
believe crude oil production has become more 
relevant in contemporary times as there is yet no 
cheaper alternative to it as a form of energy (Oy-
ende, 2012). Indeed, over 80% of Nigeria’s reve-
nue comes from sale of oil produced from the Ni-
ger Delta region, which is home to Nigeria’s oil 
production (Ite et al., 2013; Oduyemi and Ogun-
tseitan, 1985; Takon, 2014). Therefore, it seems 
to be a necessary evil that the Nigerian country 
cannot escape from. It is, therefore, trite to as-
sume that while there seems to be a perceived 
usefulness of oil and gas in the Nigerian society, 
the volatility of the industry necessitates some 
regulation that would check the extent of degra-
dation caused on the environment by it. 

To address environmental issues in their oil sec-
tor, various other jurisdictions such as the 
United States Federal jurisdiction, Norway, or 
even Alberta of Canada have enacted legislation 
regulating their oil sector, while setting up en-
forcement institutions to implement provisions 
of the appropriate legislation. (Hayman and 
Brack, 2002). Nigeria has been no exception to 
this. Prior to June 1988, Nigeria’s response to en-
vironment matters seemed to be on an ad hoc ba-
sis (Ikhariale, 1989). Environmental legislations 
at the time seemed to rather be in response to 
selective challenges oil discovery and industrial-
ization brought as they came individually, rather 
than a holistic approach at examining these envi-
ronmental misconduct as collective crimes (Ola, 
1984).  
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Although the Criminal Code provided some light 
sanctions against minor environmental infringe-
ments (Criminal Code Act, 2004), the statute 
failed to make any strong preventive sanctions 
against the spate of increasing major criminal 
pollution (such as that caused by harmful waste 
discharge). This deficiency became evident from 
the Koko incident (Liu, 1992; Ogbodo, 2009). 
This incident in 1988 was as a result of some ship 
loads of toxic nuclear waste materials (which 
were allegedly imported from Italy by a contrac-
tor) dumped on a farm in Koko town near the Sa-
pele River in the former Bendel State of Nigeria, 
now Delta State 

In reaction to the shock of the incident, the Nige-
rian government organized an international 
workshop on the environment (Aina and Aded-
ipe, 1991); a conference that resulted in the for-
mulation of a National Policy on Environment 
(NPE) in 1991 (and later revised in 1999). This 
policy framework became a formula for enacting 
environmental laws in Nigeria, especially for en-
vironmental regulation within the oil and gas 
sector (Oyende, 2012).  

Paragraph 8 of the 1991 NPE states thus (Federal 
Environmental Protection Agency, 1999): 

The legal framework as a component of the na-
tional environmental policy should be designed as 
an instrument that recognises the need to achieve 
a balance between environment, development and 
socio-economic considerations. 

Hence, it recognizes the principle of sustainable 
development as a principle that must guide the 
formation of Nigeria’s environmental laws, to-
ward achieving environmental protection. To 
ensure this, it provides that action shall be taken 
to:  

a. periodically evaluate current legislation with a 
view to updating existing provisions;  

b. streamline all legislation and regulations relat-
ing to the environment with a view to re-or-
ganising them into a holistic and integrated 
compact that recognises the cross-sectoral 
linkages of the environment;  

c. prescribe jurisdictional boundaries for law mak-
ing on the environment as well as provide clear 
responsibilities to promote coordination and 

eliminate overlapping of functions among the 
various ties of government; provide for the de-
velopment of appropriate law for environmen-
tal emergencies. 

The provisions of the NPE apparently seeks to 
provide a strong regulatory framework for the 
Nigerian environment. To wit, several environ-
mental laws have been enacted to ensure a pro-
tection of the environment under the theme of 
achieving sustainable development. (Oyende, 
2012). The World Commission on Environment 
and Development (1987) has defined sustaina-
ble development to mean a “development meets 
the needs of the present without compromising 
the ability of future generations to meet their 
own needs.”  

According to Principle 4 of the Rio Declaration, 
“[i]n order to achieve sustainable development, 
environmental protection shall constitute an in-
tegral part of the development process and can-
not be considered in isolation from it.” (U.N Con-
vention on the Rio Declaration of Environment 
and Development, 1992). Similarly, Article 11 of 
the Treaty of the Functioning of the European 
Union (2012) provides that “Environmental pro-
tection requirements must be integrated into the 
definition and implementation of (all areas of 
policy) in particular with a view to promoting 
sustainable development.”  

Even more, Paragraph 5 of the “Political Declara-
tion” at the Johannesburg Summit on Sustainable 
Development enforced “economic development, 
social development and environmental protec-
tion” as the “interdependent and mutually rein-
forcing pillars of sustainable development.” 
(Conference Report on World Summit on Sus-
tainable Development, 2002). Environmental 
protection is, therefore, arguably a core compo-
nent of the sustainable development principle.  

An important issue for this article is therefore 
not whether environmental laws regulating the 
oil production exist in Nigeria, but rather how ef-
fective such laws have been in achieving the de-
sired sustainable development. Indeed, to appre-
ciate the aptness of these legislative enactments 
in the oil and gas sector, one must first under-
stand the circumstantial incidents that have hap-
pened since the years of Nigeria’s foray into oil 
and gas exploration and production. 
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Extensive Oil Spill Pollution (and its Ef-
fects) as it is in Nigeria 

The United Nations Development Programme 
(UNDP) estimates that between 1976 and 2001 
alone, there were an approximate of 6,800 spills 
totaling 3 million barrels of oil (United Nations 
Development Programme, 2006). Similarly, re-
ports showed that there were 253 oil spills in 
2006, 588 oil spills in 2007, and 419 oil spills in 
the first 6 months of 2008 (Yakubu, 2008). Cu-
mulatively, an estimated 9 to 13 million barrels 
(1.5 million tons) of oil has spilled into the Niger 
Delta over the past 53 years (Imoobe and Tanshi, 
2009).  

Marine waters in Nigeria and their basins in-
clude all navigable rivers such as the rivers Niger 
and Benue, the rivers Sokoto, Ogun, Hadejia, Ka-
duna, Gongola, Katsina- Ala, and Cross River, etc., 
and their tributaries (National Inland Water-
ways Authority Act, 2004). There are also 
smaller bodies of water enclosed by the lagoons, 
such as the Lagos Lagoon, the creeks, etc., which 
are also regarded as internal waters under the 
Act. Record has it that most parts of these rivers 
have been polluted by oil wastes, thus destroying 
aquatic life and presence in their respective 
forms (Oyende, 2012).  

An Amnesty International Report has observed 
that the repeated oil wastes that has caused dam-
age to the water system of the Niger Delta (the 
rivers, streams, ponds), is majorly constituted of 
oil spills and waste discharges from oil compa-
nies (Amnesty International, 2009). This report 
becomes interesting as several Niger Delta indi-
genes rely on fishing for their sustenance and 
survival (Amnesty International, 2009). The 
damage effect has not been limited to aquatic life 
but has also affected even the natural survival of 
man. A recent study of the United Nations Envi-
ronmental Programme (2011) found that drink-
ing water in Ogoniland (a native name for the Ni-
ger Delta), contained a known carcinogen at lev-
els 900 times above World Health Organization 
(WHO) guidelines (United Nations Environmen-
tal Programme, 2011). 

It is also a known fact that the people of the Niger 
Delta region rely mostly on agriculture for food 
and their livelihood (Oyende, 2012). Interest-
ingly, it has been reported that oil pipelines run 

across farmlands and other oil infrastructure, 
such as well heads and flow stations, which are 
often close to agricultural land (Amnesty Inter-
national, 2009). It is therefore easy for a spill to 
destroy viable crops of Niger Delta farmers. A 
study found that oil spills in the Niger Delta re-
gion reduces the ascorbic content of vegetables 
by an estimate of 36% and the crude protein con-
tent of cassava by an estimate of 40%, thus re-
sulting in a 24% increase in the prevalence of 
childhood malnutrition in the region (Ordinioha 
and Brisibe, 2013). Another has posited that 
emissions from the combustion of associated gas 
contains toxins such as benzene, nitrogen oxides, 
dioxin, etc., which increase air prone disease 
risk, insecurity of food, and damage to the 
weather (Edafienene, 2012).  

It is further asserted that oil spills on land also 
cause the ground to become toxic and this con-
stitutes a danger to plants and animals who feed 
on these materials (Oyende, 2012). Several of 
these spills have been linked to the exploration 
activities of oil multinationals in the Niger Delta 
region such as the Shell Petroleum Development 
Company (SPDC) and others (Amnesty Interna-
tional, 2011). However, reports have shown that 
despite a relinquishment of some assets for-
merly belonging to some oil multinationals oper-
ating in Nigeria (such as the Shell subsidiary-
SPDC), to the Nigeria Petroleum Development 
Company (NPDC), oil pipeline spills in areas such 
as the Itsekiri and Ilaje coastal communities have 
yet continued (Amaize, 2017). 

A sustained pollution in Nigeria’s oil production 
sector, as discussed above, makes one wonder 
whether there are existing legislations in Nigeria 
sanctioning oil spill. The article shall therefore 
explore to what extent the existing legal frame-
work on oil production in Nigeria has effectively 
sanctioned oil spill.  

 

The Nigerian Constitution 
Firstly, the Nigerian constitution (1999) is the 
grundnorm of all laws in Nigeria. Section 20 of 
the Nigerian constitution provides that: “the 
State shall protect and improve the environment 
and safeguard the water, air and land, forest and 
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wild life of Nigeria.” Hence the Nigerian constitu-
tion creates an obligation on the Nigerian gov-
ernment and its enforcement organs to ensure 
environmental protection while guaranteeing 
public safety. This provision in other words, cre-
ates some form of liability for the Nigerian gov-
ernment (albeit, in circumstances where they fail 
to comply with the obligation). Interestingly, it 
includes some form of criminal liability to any Ni-
gerian government that fails (or/and has failed) 
to regulate the environmental crime in Nigeria.  

Forthwith, other environmental laws regulating 
the oil sector has been enacted. It is interesting 
that despite the apparent disregard to the Nige-
rian environment, the environmental law regime 
in Nigeria is replete with legislations of this na-
ture (Ijaiya and Joseph, 2014). Amongst such 
laws are the Petroleum Act, the Oil Pipelines Act, 
the Petroleum Production and Distribution Anti 
Sabotage Act, and the Petroleum Industries Bill. 
In this regard, these legislations will be scruti-
nized in order to determine their overall effec-
tiveness in sanctioning oil spill in Nigeria. 

 

Petroleum Act  

The Petroleum Act (1990) was enacted to regu-
late all petroleum activities in Nigeria (Orji, 
2012). Section 2(3) of the Petroleum Act man-
dates a lessee or licensee to pay “fair and ade-
quate compensation for the disturbance of sur-
face or other rights to any person who owns or is 
in lawful occupation of the licensed or leased 
land.” Indeed, the obligation created by the Act 
on a potential lessee or licensee to pay some 
form of compensation for surface disturbance is 
laudable. However, the Act fails to define or in-
terpret exactly what it deems to be “fair and ad-
equate.” The vagueness caused by the failure of 
the Act to precisely define what it deems as “fair 
and adequate” leaves the determination to the 
court, which can be belittled by a good lawyer on 
legal technicalities.   

One must adequately examine what truly consti-
tutes “disturbance to surface.” Surface disturb-
ance as it relates to the environment has been 
defined as “…exposure, covering or erosion of 
the surface of land in any manner, or the degra-
dation or deterioration in any manner of the 

physical surface of land” (Government of Al-
berta, 2017). It seems, therefore, that the Petro-
leum Act merely provided some form of financial 
liability for petroleum pollution of the Nigerian 
lands, thus neglecting petroleum pollution on the 
Nigerian waters and severe air pollution (of gas 
flaring), which constitutes a severity of the Nige-
rian pollution likewise.  

Furthermore, there seems to be a vagueness as 
to whether a scope of pollution covered by this 
provision covers just the soil, or just the plants 
and structures on the soil, or both the soil and the 
plants and structures on it. This uncertainty was 
highlighted in Shell Petroleum Development Com-
pany of Nigeria Ltd. v. Councillor F. B. Farah 
(1995). In this case, an oil well blow-out polluted 
about 60,700 hectares of land. The top soil was 
heavily contaminated but SPDC abandoned the 
rehabilitation of the land and offered only N44, 
000.00 (~$125) as compensation. The respond-
ents who had 13, 245 hectares of the affected 
land were paid only N2000 (~$5.50) for their 
crops and economic trees but no compensation 
was paid for the contaminated soil. Although the 
Act eventually awarded damages of 
N4,621,307.00 (~$12,800) the court had to rely 
on common law principles of assessment of dam-
ages for tort as the Petroleum Act provided no 
guidance for the court to rely on. 

Interestingly, the succeeding regulation borne 
out of its inadequacy has made no practical im-
provements to its deficiencies. Phrases such as 
“practicable precaution,” “up-to-date equip-
ment,” “prompt step,” “good oil field practices,” 
and “good refining practices” run through the Pe-
troleum (Drilling and Production) Regulation 
(2004) with no particular clarification as to what 
they actually entail within the Regulation. Hence 
the Regulation provides no practical interpreta-
tion of these phrases (that constitute the core 
subjects of its enactment). 

 

Oil Pipelines Act 

The Oil Pipelines Act (1956) was enacted to reg-
ulate the granting of licenses for the establish-
ment and maintenance of oil pipelines (this is 
provided for in the Preamble to the Act). This Act 
gives the holder of an oil pipeline license, right to 
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enter upon, take possession of or use a strip of 
land specified in the license and construct, main-
tain, and operate an oil pipeline and ancillary in-
stallation (Section 11[1] of Act). However, the 
Act also requires such holder to prevent poten-
tial pollution arising from such spill through its 
provision for compensation under section 11(5) 
of the Act. Section 11(5) of the Act provides thus: 

The holder of a licence shall pay compensation – 

a. to any person whose land or interest in land 
(whether or not it is land respect of which the 
licence has been granted) is injuriously af-
fected by the exercise of the rights conferred by 
the licence, for any such injurious affection not 
otherwise made good; and 

b. to any person suffering damage by reason of any 
neglect on the part of the holder or his agents, 
servants or workmen to protect, maintain or 
repair any work structure or thing executed 
under the licence, for any such damage not oth-
erwise made good; and 

c. to any person suffering damage (other than on 
account of his own default or on account of the 
malicious act of a third person) as a conse-
quence of any breakage of or leakage from the 
pipeline or an ancillary installation, for any 
such damage not otherwise made good. 

By this provision, a license holder under this Act, 
is obligated to pay compensation to a person 
whose land or interest has been affected by the 
exercise of the right under the license. A careful 
examination of section 11(5)(c) shows some 
form of defense to the license holder in the sense 
that such license holder could easily allege a 
damage of the oil pipeline that had caused a spill 
was due to the acts of a third party. Hence, a mere 
allusion as to the cause of an oil spill to be the 
willful sabotage of oil pipelines by local indi-
genes of the Niger Delta could absolve oil opera-
tors of the liability of compensating victims of 
the Niger Delta oil spills. The Act could, there-
fore, encourage an arbitrary abuse of the strict li-
ability rule by corporate oil polluters seeking to 
evade the sanction imposed by the provisions of 
the Act. The Act could, therefore, defeat the very 
purpose for its enactment.  

 

Petroleum Production and Distribution 
Anti Sabotage Act 
It is on record that several oil companies in Nige-
ria have alleged several pollutions from their fa-
cilities to pipeline sabotage and vandalism 
(Frynas, 2002). Whilst this article has tried to al-
lude to a use of sabotage by local indigenes as a 
defense to oil spill liability on the part of such op-
erators, the article yet agrees with the opinion of 
other scholars that there might be events of sab-
otage of oil pipelines by local indigenes in the Ni-
ger Delta (Augustine, 2005; British Broadcasting 
Corporation, 2010; Hinshaw and Kent, 2016).  

As had been asserted by a scholar that, “Crude oil 
is tapped from pipelines and terminals of the oil 
producing companies with advanced technologi-
cal equipment in the waterways, creeks, swamps 
and high seas. Plastic pipes are fixed to manifold 
points and intersection of several pipelines and 
crude oil is then pumped into barges. In some 
cases, ships are hooked to hoses that siphon 
crude from MNC facilities that may be several 
hundred meters away” (Ikelegbe, 2005). Shell 
Producing Development Company (SPDC) of Ni-
geria have repeatedly alleged illegal refining and 
third-party interference as a main source of pol-
lution in the Niger Delta (Shell Nigeria, 2017). 

The Petroleum Production and Distribution Anti 
Sabotage Act (1975) defines sabotage as a per-
son who:  

a. wilfully does anything with intent to obstruct or 
prevent the production or distribution of petro-
leum products in any part of Nigeria; or  

b. wilfully does anything with intent to obstruct or 
prevent the procurement of petroleum prod-
ucts for distribution in any part of Nigeria; or 

c. wilfully does anything in respect of any vehicle 
or any public highway with intent to obstruct 
or prevent the use of that vehicle or that public 
highway for the distribution of petroleum 
product. 

The Act stipulates the death penalty or an im-
prisonment term of 21 years as punishment for 
an offender under the Act. This punishment 
seems more than sufficient to sanction an envi-
ronmental crime of its sort. However, there is yet 
any known official case against oil sabotage in 
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the country. This makes it seems as if the Act is a 
toothless dog with no real sense of enforcement. 

 

Petroleum Industries Bill 
The Petroleum Industry Bill (2012) seeks to 
“provide for the establishment of a legal, fiscal 
and regulatory framework for the Petroleum In-
dustry in Nigeria and for other related matters” 
(Preamble to the Bill). This implies that the Bill 
covers all matters relative to oil and gas in Nige-
ria including environmental matters that relate 
to both spheres. Subject to Section 6(1), “The 
Federal Government shall, to the extent practica-
ble, honor international environmental obliga-
tions and shall promote energy efficiency, the 
provision of reliable energy, and a taxation pol-
icy that encourages fuel efficiency by producers 
and consumers.”  

The clause “…to the extent practicable,” Section 
6(1) above, of the Bill, reiterates the position of 
the NESREA Act as it regards international envi-
ronmental treaties and obligations on oil and gas 
matters, only shifting from the position of em-
powerment of NESREA on such international ob-
ligations to a mandate of the federal government. 
However, by employing the caveat “…to the ex-
tent practicable” the provision suddenly reduces 
the certainty on the extent to which the federal 
government can honor such international trea-
ties. This is because such caveat creates some 
form of escape to the federal government from 
committing to the international environmental 
obligations.  

Section 283 of the Bill, provides that: 

Every licensee or lessee engaged in petroleum op-
erations shall, within three months of the com-
mencement of this Act, submit an environmental 
programme or an environmental quality manage-
ment plan…which shall: 

a. Contain the licensee's written; 

b. Commitment to comply with relevant laws, reg-
ulations, guidelines and standards; 

c. Investigate, assess and evaluate the impact of 
the licensee or lessee's proposed exploration 
and production activities on-  

(i) the environment; and  

(ii) the socio-economic conditions of any per-
son who might be directly affected by the 
petroleum operations; 

d. develop an environmental awareness plan de-
scribing the manner in which the applicant in-
tends to inform his or her employees of any en-
vironmental risks which may result from their 
work and the manner in which the risks must 
be dealt with in order to avoid pollution or the 
degradation of the environment; proposed ex-
ploration and production activities on…the en-
vironment; 

e. Describe the way he or she intends to- (i) modify, 
remedy, control or stop any action, activity or 
process which causes pollution or environmen-
tal degradation; (ii) contain or remedy the 
cause of pollution or degradation and migra-
tion of pollutants; and (iii) comply with any 
prescribed waste standard or management 
standards or practices; 

Similarly, 285(1) of the Bill provides thus:  

Prior to the approval of the environmental man-
agement plan or environmental management pro-
gramme by the Minister, every licensee or lessee 
shall pay the prescribed financial provision to the 
Inspectorate in accordance with guidelines as may 
be issued by the Inspectorate from time to time, for 
the rehabilitation or management of negative en-
vironmental impacts, as a condition for the grant 
of the said licence or lease. 

Indeed, the provisions of Section 283 of the Bill 
cover a tender of EIA in the form of quality man-
agement plans. However, this Bill fails to provide 
any penalty whatsoever against a potential of-
fender who fails to tender this plan. This implies 
that if in essence, the Bill is passed into law, there 
would be no real criminal penalty sanctioning 
environmental matters in the oil and gas sector 
in Nigeria.  

Similarly, in providing that the licensee shall 
make some payments from the onset toward the 
remediation or management of environmental 
damage, Section 285 (1) of the Bill seems to an-
ticipate environmental harm even before the ac-
tual commission which (considering the fact that 
the Bill makes no actual provision for the partic-
ular amount that  shall be set aside for this pur-
pose but leaves it to the inspectorate, nor does 
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the bill provide any form of penalty for a criminal 
breach of the licensee to tender an environmen-
tal quality management plan [EQMP]), might nat-
urally make a licensee chose to pay the pre-
scribed financial provision set aside, refuse to 
tender any form of EQMP, and yet commit pollu-
tion crimes. 

Furthermore, Section 293(1) of the bill provides 
that: 

any person engaged in activities requiring a li-
cence, lease or permit in the upstream and down-
stream sectors of the petroleum industry shall 
manage all environmental impacts in accordance 
with the licensee or lessee’s approved environmen-
tal management plan or programme. It shall be 
the responsibility of every licensee or lessee as far 
as reasonably practicable to rehabilitate the envi-
ronment affected by exploration and production 
activities whenever environmental impacts occur 
as a result of the licensee or lessee’s operations. 

However, Section 293(2) of the Bill, exempts the 
licensee or lessee from liabilities for the rehabil-
itation of the environment where the act ad-
versely affecting the environment has occurred 
because of sabotage of petroleum facilities which 
includes tampering with the integrity of any pe-
troleum pipeline and storage systems. It went 
further to provide that any dispute as to the 
cause of an act that has adversely affected the en-
vironment shall be referred to the Downstream 
Regulatory Agency (which it refers to as the 
Agency) by the licensee, lessee, or any affected 
person for determination, and that such determi-
nation by the Agency shall be final. Even more, 
Section 293(4) of the Bill expressly provides 
that: 

Where the determination is that the act adversely 
affecting the environment has occurred as a result 
of sabotage, the costs of restoration and remedia-
tion shall be borne by the local government coun-
cil and the state governments within which the act 
of sabotage occurred. 

 An attribution of vicarious liability to states and 
local government councils within which any act 
of sabotage adversely affecting the environment 
has occurred is grossly unjustifiable. Firstly, this 
is because a determination by the Agency of any 
such dispute under Section 293(2) of the Bill 

seems to be a derogation of an exercise of pow-
ers that should be clearly judicial in nature. It is, 
therefore, doubtful whether the Agency (which 
is not a court or tribunal established by law and 
vested with judicial power) is competent to 
make such determination in any dispute arising 
between a licensee/lessee on the one hand and a 
local government council or state on the other.   

It is an undisputable principle of constitutional 
law that such judicial powers of adjudication can 
only be exercised by competent judicial courts or 
tribunals established under law with legal pow-
ers and capacity to adjudicate rather than an 
Agency as the PIB Bill proposes. This point has 
been well-enunciated by Nwabueze who defined 
the concept of independence of the judiciary as 
implying (Nwabueze, 1992): 

First, that the powers exercised by the courts in the 
adjudication of disputes is independent of legisla-
tive and executive powers, so as to make it usurpa-
tion to attempt to exercise it either directly by leg-
islation, as by a Bill of Attainder, or by vesting any 
part of it in a body which is not a court; secondly, 
that the personnel of the court are independent of 
the legislature and the executive as regards their 
appointment, removal and other conditions of ser-
vice. 

Similarly, in Kayili v. Yilbuk (2015), the Supreme 
Court held that: 

Section 3(2) of the Chiefs (Appointment and Dep-
osition) Law of Northern Nigeria 1963 which pro-
vided that in the case of any dispute, the Governor, 
after due inquiry and consultation with the per-
sons concerned in the selection, shall be the sole 
judge as to whether any appointment of a Chief 
has been made in accordance with native law and 
custom was null and void because the provision 
purported to oust the unlimited jurisdiction of the 
State High Court and conferred same on the Gov-
ernor. 

Secondly, relying on the ruling on the 
SPDC/Bodo case (The Tides Newspaper, 2014), 
it can be presumed that the licensee or lessee has 
a general shielding and caring obligation toward 
the host community to protect it against avoida-
ble harm arising from its operations. An estab-
lished common law rule is that:  
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The one who carries out hazardous activity on 
land is responsible for failing to anticipate and 
minimise the damaging effect of all trespassers, 
even those who are ill-intentioned. If a facility is 
not adequately secured against such trespassers, 
then the owner or operator of that facility can, be 
at least partly responsible for the damage done to 
third parties by, for example, thieves or others who 
have malicious intent (Leader et al., 2014).   

Interestingly, the provisions of Section 293(4) of 
the Bill do not only seem to go against this case 
law, but also seems to contradict the provisions 
under Section 4.1 of the extant Environmental 
Guidelines and Standards for the Petroleum In-
dustry in Nigeria which states that "an operator 
shall be responsible for the containment and re-
covery of any spill discovered within its opera-
tional area, whether or not its source is known. 
The operator shall take prompt and adequate 
steps to contain, remove and dispose of the spill” 
(Department of Petroleum Resources, 1992). 

It is notable that even in tort, “the party that has 
the greatest control over the risks, and can re-
duce them most effectively should be assigned li-
ability” (Tuytel and Dyke, 2011). This is because, 
“imposing liability on parties who are in the best 
position to mitigate risks provides incentives to 
do so” (Tuytel and Dyke, 2011). Hence, consider-
ing the fact that one of such prominent operators 
in Nigeria, such as Shell who ranks top ten on the 
Fortune 500 (Fortune, 2017), it is only a reason-
able expectation that in a case of satisfaction of 
liability between them and the host community, 
the former would rather be in the best position 
to mitigate the risks of sabotage. Thus, a defense 
of sabotage does not provide an automatic shield 
to them as the operator or owner of the facility 
unless it is established that all reasonable dili-
gence has been exercised to secure and super-
vise the facility against interference by third par-
ties.  

Interestingly, relying on the rationale for a vicar-
ious liability relationship to exist being that 
there has to be a special relationship between 
the parties, there seems to be no grounds set out 
under the Bill on identifying the special relation-
ship between any oil-producing host state/ local 
government council and the perceived third-
party saboteurs within the boundaries of the 

said states and local government councils. 
Hence, there seems to be no justifiable grounds 
to impose a vicarious liability on the third party.  

Indeed, until identified that any such relation-
ship exists between oil-producing host states/ 
local government councils and vandals of petro-
leum facilities and installations, and a clear 
ground of such identification is shown, it would 
rather be unjustifiable to place any liability on 
oil-producing host states/local government 
councils. Thus, in Gilbert Okoroma & Ors v. Nige-
rian Agip Oil Co., Ltd. (1976), Manuel, J., dismiss-
ing the defense of sabotage raised by the defend-
ant, held that “the act of a third party is a good 
defence . . . but evidence must be led either to 
identify such third party or show circumstances 
to lead to an irresistible conclusion of the act of 
third party whose act was neither unforeseeable 
nor controllable by the defendant.”  

Even more, Section 116 of the Bill proposes the 
establishment of the Petroleum Host Communi-
ties Fund (PHC Fund) toward developing the 
economic and social infrastructure of the com-
munities within the petroleum producing area in 
accordance with Section 117 thereof. To give ef-
fect to Section 117, Section 118(1) of the Bill pro-
vides that upstream petroleum producing com-
pany shall remit on a monthly basis ten per cent 
of its net profit into the PHC Fund. Section 118(1) 
(a) and (b) of the Bill provides the beneficiaries 
of the PHC Fund to be the host communities 
within the petroleum producing areas and the 
petroleum producing littoral states.  

 Curiously, Section 118 (5) of the Bill creates a 
loophole which can be exploited as a dangerous 
escape which can result to a depletion of the 
Fund to the detriment of host communities; by 
providing that in the event of vandalism, sabo-
tage, or other civil unrest occurs that causes 
damage to any petroleum facilities within a host 
community, the cost of repair of such facilities 
shall be paid from the Fund unless it is estab-
lished that no member of the community was re-
sponsible for the damage. The danger the be-
comes thus: giving the persistent allegations of 
vandalism and sabotage of petroleum facilities 
by oil companies against host communities and 
the very fact that this has been found to be mere 

Binder1.pdf   48 2/25/2018   1:47:39 PM



International Journal of Environment and Sustainability, 2018, 7(1): 30-44 39 

 

 Science Target Inc. www.sciencetarget.com 

allegation to escape liability, it might be unsur-
prising that virtually any damage to petroleum 
facilities within host communities could be at-
tributed to the host communities with the result 
that cost of repairs of damaged petroleum facili-
ties would simply become a drain on the Fund.  

 By stating; “…the cost of repair of such facility 
shall be paid from the PHC Fund entitlement un-
less it is established that no member of the com-
munity is responsible” Section 118(5) of the bill 
seems to place the burden of proving that no 
member of the host community was involved or 
responsible for the act of vandalism or sabotage 
that caused damage to petroleum facilities 
within the host community, on the host commu-
nity. It, therefore, might not be so wrong to pre-
sume the placement of the burden of proof of in-
nocence on the host community might defeat the 
purpose of the PHC Fund, as failure by the host 
community to discharge the burden of proof in 
any given case implies that the PHC Fund that 
has accrued in favor of the host community will 
be applied to off-set the cost of repairs to the 
damaged facilities and installations. In this way, 
the Petroleum Host Communities’ Fund could be 
drained for purposes other than that for which it 
is primarily proposed.  

It is notable that besides the fact that this bill 
provides no seeming strict criminal penalty 
sanctioning oil pollution, and provides no cer-
tainty as to the legal obligation imposed on the 
Federal government to abide by international 
treaties for the protection of the environment, it 
also seems to be in favor of oil operators as it 
provides clear escape route from some liabilities 
that might have deterred the extent of criminal 
pollution they cause in the Niger Delta. It is, 
therefore, almost clear that although the oil and 
gas sector presents the worst spate of criminal 
pollution in the country, the PIB, which ordinar-
ily should have become a standard of environ-
mental protection and punishment of criminal 
pollution within the country, provides no real so-
lution in the sense.  

It is provided under the Preamble of Bill that it 
seeks to address environmental concern in the 
petroleum, and possibly, gas sector (Zacchaeus, 
2016). Upon passage, the bill shall repeal all ex-
isting legislation governing oil and gas in Nigeria 

(Section 354 of Bill). Interestingly, scholars have 
pointed out that the Bill does little or nothing in 
depleting the actual structure and content of the 
existing environmental laws in the oil and gas 
sector but rather offer mere repetitions of the ex-
isting respective legislations it was made to re-
peal (Musa and Bappah, 2014). These scholars 
have even asserted that the Bill rather seems to 
offer less solutions in terms of securing environ-
mental protection than the respective legisla-
tions its parts have been made to repeal.  

An example where the bill has merely reflected 
the structure of an existing environmental Act 
without necessarily making any addition (being 
the very essence for its drafting) is that the Bill 
(in line with the Petroleum Act 1969) stipulates 
under Section 198(2) that “a licensee or lessee 
who causes damage or injury to a tree or object 
of commercial value or which is the object of ven-
eration shall pay fair and adequate compensa-
tion to the persons or communities directly af-
fected by the damage or injury.” This provision is 
laudable in the sense that it guarantees some 
form of compensation from the offender who 
disturbs the surface. However, just like its prede-
cessor, the Bill fails to explicitly define or inter-
pret what it deems to be “fair and adequate.” Fur-
thermore, it fails to explicitly interpret what 
should be deemed as “any other right.” 

Indeed, a comparison of the above provision of 
Section 198(2) of the Bill and Section 2(3) of the 
Petroleum Act shows a clear repetition of struc-
ture and intent, together with the apparent limi-
tations reflective in both cases. This makes one 
wonder if the Bill has really made any clear addi-
tion to what already exists or merely repeated 
what is already existing (and obsolete).  

Similarly, Section 200 of the Bill provides that 
“every licensee or lessee engaged in upstream 
petroleum operations shall within one year of 
the commencement of this Act, or within 3 
months after having been granted the license or 
lease, submit an environmental management 
plan to the inspectorate for approval.” While this 
provision is laudable, the Bill provides no mech-
anism of inspecting the said plan that has been 
submitted to ensure that it is accurate nor does 
the Bill provide any mechanism for affected com-
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munities to request an inspection of sites or ar-
eas they deem to be polluted or at risk from pol-
lution. Thus, the Bill fails to encourage public 
participation in this regard.  

On May 25, 2017, the Nigerian Senate passed the 
first tranche of the Petroleum Industry Bill (PIB), 
titled the Petroleum Industry Governance Bill 
(2016) at the Senate House, although this is yet 
to be passed at the House of Representative (the 
Nigerian National legislative arm is made up of 
the Senate and the House of Representatives and 
Bills must go through both Houses to effectively 
become an Act; Vanguard, 2017). This Bill is only 
a part of the PIB and contains just very few parts 
of the PIB. Interestingly, the PIGB does not make 
any additions to the PIB but rather only repeals 
or retains some of its sections. Virtually every 
section of the PIB that relates to environmental 
issues have been retained. This is except for the 
provision of PHCF that was reflected in the PIB 
and was repealed in the PIGB. It is therefore not 
surprising that the PIGB has provided no extra 
details to environmental matters besides what 
existed in the mother document (PIB).  

 

Conclusion 
A cursory look through the discussions above, 
shows an ineffectiveness of environmental regu-

lations in extant petroleum laws in Nigeria. In-
deed, the current structure of the PIB and its 
componential parts still fail to provide any nec-
essary solution to either of these weaknesses. It 
is the view of this article that extant petroleum 
laws in Nigerian laws has failed to reflect current 
pollution incidents in Nigeria’s petroleum sector. 
This is either because the provisions of laws have 
become outdated and not measurable to the per-
vasive nature of recent oil pollutions in Nigeria, 
or the wordings of the provisions are too vague 
to convey an adequate interpretation of the pur-
pose of the statutes. Interestingly, the PIB which 
should be a respite to the ailing petroleum sec-
tor, and which under normal circumstances, 
should create a more effective regulatory capac-
ity for environmental protection in Nigeria’s oil 
sector seems unable to do so. 

It is, therefore, a position of this article that most 
petroleum laws in Nigeria be revised to amend 
the regulatory component of such laws, espe-
cially with regards to the environment. Further-
more, a revision of such laws becomes apt to 
bring the sanctioning under the laws at par with 
the current spate of pollution activities in Nige-
ria’s oil sector. Above all, the PIB should be 
amended before its final passage as law, as its 
current state reflects no real improvement to the 
laws it had been made to repeal. 
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from the Al-Multaqaa landfill is estimated to be 2.25Gg (Giga-gram) of methane 
per year and is expected to increase threefold by 2022. If waste management 
practices such as composting and recycling could be practiced in the future, 
there is a potential opportunity for substantially reducing the quantity of waste 
being disposed currently in the landfill.  
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Introduction 
Many factors play a significant role in municipal 
solid waste generation, such as spiraling urban 
population, economic development, consump-
tion pattern, climate, culture, and institutional 
framework (Wang and Nie, 2001). To plan a mu-
nicipal solid waste management strategy for a 
given region, it is critical to know the quantity of 
waste generation and its composition (Bandara 
et al., 2007). The organic composition of MSW is 
largely responsible for the release of GHGs to the 
atmosphere. It undergoes decomposition, releas-
ing carbon dioxide (CO2) and methane (CH4), the 
potential greenhouse gases from landfills (IPCC, 
2000).  

Muscat is the capital and principal city in the Sul-
tanate of Oman. Economic growth with an in-
creasing population compounded waste genera-
tion from 257,004 tons in 2001 to 1,343,486 tons 
in 2009—a more than fourfold increase (MM re-
port, 2010). There is no systematically compiled 
data or information available in Oman regarding 

municipal solid waste composition. Particularly, 
waste volume data is not estimated by the man-
agerial professionals. This paper provides infor-
mation on the generation of MSW per capita in 
Muscat and its organic and inorganic composi-
tion to the maximum of 14 fractions. It also ex-
amines the greenhouse gas emissions of the dis-
posed MSW from Al-Multaqaa landfill in Muscat. 
The results might be useful as a starting point for 
future studies of other landfills in the country. 

 

Materials and Methods  
Study Area and Design 

The Al-Multaqaa landfill for MSW disposal is sit-
uated in the Wilayat (District) of Al-Amerat, Mus-
cat governorate, Sultanate of Oman. The samples 
were collected in two different seasons in the 
2013. Sampling was carried out three times on a 
fortnightly interval for each season, i.e. in Janu-
ary and February during winter, and in May and 
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June during summer, to represent the respective 
seasons. Waste samples were collected from four 
different directions at randomly selected loca-
tions of the waste piles in the landfill. The sample 
size was decided following an earlier work 
(Thitame et al., 2009) where a sample of approx-
imately 20 kg was reduced to the quantity of 5 kg 
using a quartering technique. It was sorted out 
manually into 14 various fractions. Subse-
quently, the weight and volume (after compres-
sion) of each component were measured and 
recorded. The total density is calculated by divid-
ing total weight by total volume, which results in 
the total density of MSW. The limitation of the 
study is the small sample size. This is primarily 
due to the tedious tasks involved in the manual 
sorting of the waste stream up to the level of 14 
fractions. The fractional composition available at 
present with the municipality authorities was 
just six, according to a waste generation report 
of Muscat Municipality in 2010 (Sumaiya et al., 
2014).  

Determination of Generation Rate of MSW  

The per day generation of waste is calculated 
based on the total weight of waste disposed in 
the landfill in a day and the total population of 
the community from which the waste is gener-
ated. Thus the per capita generation of MSW was 
determined by using Equation 1, where PCG is 
the per capita waste generation (Oumarou et al., 
2012). 

 [Waste generated / day]   
PCG= (Kg/day/person) [1] 

 Population   

Estimation of Greenhouse Gas Emissions 

Based on the IPCC Guidelines, the UNFCCC gov-
erned Clean Development Mechanism (CDM) 
provides a tool to calculate GHG emissions from 
solid waste disposal sites. This tool is based on 
the First Order Decay (FOD) method. The FOD 
method takes the time factors of the degradation 
process into account, and results in estimates of 

the annual GHG emissions. Equation 2 was used 
to calculate the GHG emissions (CDM Tool, 
2012). 

 

Results and Discussion  
Generation and Composition of MSW in Al-
Multaqaa Landfill 

The generation rate of MSW is calculated based 
on the records of the total waste reaching the 
landfill every day for disposal. The landfill han-
dles about 750 tons of waste daily as per the rec-
ords maintained by the municipal authority. The 
waste brought to this landfill comes from various 
Wilayats (districts) including Muscat, Muttrah, 
Bowshar, Al Seeb, Al-Amerat, and Qurayyat. The 
total population of Muscat Governorate is 
775,878 (Oman Census Report, 2010). This 
study estimated the rate of waste generation in 
this region as 0.97 kg/day/person by weight and 
3.113 x 10-3m3/day/person by volume. The aver-
age density of MSW is 311.73 kg/m3. As per a 
Gulf Co-operation Council (GCC) report in 2004, 
MSW generated (kg/ capita/day) in Oman was 
0.70. The increase in the last 10 years is due to 
economic growth, urbanization, and changes in 
lifestyles.  

The composition of MSW by weight and volume 
in the winter and summer seasons are presented 
in Table 1. Organic waste accounts for 71.20% 
and 65.80% of the total MSW collected during 
the winter and summer respectively. Whereas 
the inorganic fraction accounts for 28.80% and 
34.20% of the total MSW in winter and summer 
respectively. Food waste is the major component 
in the waste stream which accounts for 33.60% 
by weight and 16.70% by volume in winter and 
22.80% by weight and 7.83% by volume in sum-
mer. Next to food waste, paper waste contributes 
25.20% by weight and 20.83% by volume in win-
ter and 32.40% by weight and 39.76% by volume 
in summer.  

 

GHG emissions from SWDS in tCO2* =                          y 
Qy . (1-fy). GWPCH4 . (1-OX). 16. F . DOCfy . MCFy . ∑   ∑ W jx . DOCj . e-kj (y-x ) . (1-e-kj ) 
                                                                    12                                 x=1   j 

[2] 
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Table1. Municipal solid waste composition in winter and summer season. 
 

Composition Winter Summer 
Weight 
(Kg) 

% Com-
position 
by 
Weight 

Volume 
(X10-

3m3) 

% Compo-
sition by 
Volume 

Density  
(Kg/ m3) 

Weight 
(Kg) 

% Composi-
tion by 
Weight  

Volume 
(X10-

3m3) 

% Compo-
sition by 
Volume 

Density  
(Kg/ m3) 

Organic:  
Food waste 
(Mixed) 

1.68 33.60 2.63 16.70 638.78 1.14 22.80 1.28 7.83 890.63 
 

Inert matter  0.28 5.60 0.48 3.05 583.33 0.41 8.20 0.64 3.91 640.63  
Paper & 
cardboard  

1.26 25.20 3.28 20.83 384.15 1.62 32.40 6.50 39.76 249.23 

 Textiles & 
gunny Bags 

0.26 5.20 1.24 7.87 209.68 0.01 0.20 0.47 2.88 21.28 

 Wood  0.08 1.60 0.12 0.76 666.67 0.11 2.20 0.20 1.22 550.00 
 Total 3.56 71.20 7.75 49.21 459.35 3.29 65.80 9.09 55.60 361.94 

Inorganic: 
 Construction 

waste 
0.01 0.20 0.00 0.02 2500.00 0.13 2.60 0.30 1.83 433.33 

 Glass 0.40 8.00 0.69 4.38 579.71 0.43 8.60 0.39 2.38 1102.56 
 Leather 0.02 0.40 0.02 0.12 1000.00 0.07 1.40 0.31 1.90 225.81 
 Metal-ferrous 0.12 2.40 0.48 3.04 250.00 0.15 3.00 0.16 0.98 937.50 
 Metal-non 

ferrous 
0.02 0.40 0.17 1.08 117.65 0.08 1.60 0.19 1.16 421.05 

 Other plastics 0.06 1.20 0.72 4.57 83.33 0.18 3.60 1.01 6.18 178.22 
 Plastic bags 0.59 11.80 2.66 16.88 221.80 0.33 6.60 1.63 9.97 202.45 
 Plastic 

container 
0.17 3.40 2.75 17.46 61.82 0.32 6.40 2.92 17.86 109.59 

 
Thermocole 0.05 1.00 0.51 3.24 98.04 0.02 0.40 0.35 2.14 57.14 

Total 1.44 28.80 8.00 50.79 180.00 1.71 34.20 7.26 44.40 235.54 
Grand Total 5.00 100.0 15.75 100.0 317.46 5.00 100.00 16.40 100.00 305.81 

 
 
The third largest constituent of MSW is plastic 
waste. Normally, the term “mixed plastic” is used 
for the mixture of all types of plastic present in 
MSW. In this study, the plastic waste is segre-
gated into three main categories: plastic contain-
ers, plastic bags, and other plastics (items other 
than plastic containers and plastic bags). To-
gether, all three types of plastic waste account 
for 16.40% by weight and 38.91% by volume of 
the total MSW in winter, and 16.60% by weight 
and 34.01% by volume of the total MSW in sum-
mer. The weight percentage of the plastic bags in 
both seasons (9.21%) is higher compared to 
other types of plastic waste. This could be due to 
the widespread use of plastic carry bags and 
plastic wrappings of some goods. 

Organic Waste 

Food waste (mixed) is found to be the main com-
ponent in the organic fraction of MSW. It com-
prises leftover food residue, vegetable waste, 

leaves and decayed vegetables. Figures 1 and 2 
show the huge quantities of food waste gener-
ated from household and commercial establish-
ments. The next important organic fraction of 
MSW is paper, which includes paper packages 
(cardboard and combined packages) and printed 
materials (newspapers, magazines, and books). 
There are many reasons for the large contribu-
tion of paper and cardboard to the waste stream. 
In Oman, there is no practice of collecting waste 
paper for sale to entities that would reuse it. An-
other reason is that there are hardly any recy-
cling facilities for paper in Oman.  

Estimation of Greenhouse Gas Emissions 

The quantity of methane emissions is calculated 
using the amount of degradable organic carbon 
(DOC) present in the organic fraction of the MSW 
from this study and the annual solid waste gen-
eration rate. The emissions of GHG from the Al-
Multaqaa landfill are estimated to be 2.25 giga-
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grams of methane per year. The methane emis-
sions equivalent is projected for 10 years up to 
2022 using Equation 1. Figure 3 shows the pro-
jected methane emissions from 2013 to 2022 
and the total methane emissions at the end of 
2022. To estimate the GHG emissions during this 
period, the population data as per the 2010 cen-
sus and actual MSW generation in Al-Multaqaa 
landfill in 2013 (from this study) are used. The 
population in the year 2013, the estimated an-

nual population increment in Oman as per a re-
port of the United Nations in 2012, and the cur-
rent MSW generation are used to estimate the 
GHG emissions. As seen in Figure 3, the predicted 
value of methane emissions is 6.69 giga-grams in 
2022. This is almost 3 times higher than the pre-
sent value. Furthermore, at the current rates of 
annual population growth and MSW generation, 
there would be an increase in GHG emissions, 
which is expected to be 8.41 giga-grams of me-
thane equivalents in 2022.  

 

Figure 1: Composition of MSW in Winter Figure 2: Composition of MSW in Summer 
 
 

 
Figure 3: Giga grams of Methane equivalent projected up to 2022 with and without population 

Growth. 
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Conclusion 
The waste stream has a higher percentage of or-
ganic waste compared to the inorganic compo-
nents. The high amount of organic waste could 
be effectively used as organic manure through 
composting, while recycling and energy recovery 
would be an appropriate option for the inorganic 

fraction of the waste stream. The greenhouse gas 
emissions estimate gives an indication of the 
contribution of MSW in the landfills to climate 
change. Diverting organic materials from the 
waste stream for composting would reduce me-
thane emission from the landfill. 
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Abstract. Urbanization requires many challenges. It is placing environmental 
load on natural resources because cities account for 60–80% of energy con-
sumption across the globe and for more than 70% of worldwide carbon dioxide 
emissions. As a result, to ensure better living conditions for present and future 
generations, cities need to adopt the smart route and at the same time focus on 
the sustainability aspect. Cities needs to be both sustainable and smart. The sus-
tainability aspect is not just in terms of environment but also economic, social, 
and governance. The three pillars of sustainable economic advancement, politi-
cal involvement, and social emancipation are the fundaments for a smart sus-
tainable city. The management of green areas, and the restoration of ecosystems 
and biodiversity conservation allow cities to address the concerns of all three 
objectives: climate change, biodiversity, and land management (avoiding deser-
tification). Innovation and digital technology must be oriented to minimize en-
ergy consumption and improve quality of life. Therefore, digital technology and 
information and communications technology need to address urbanization chal-
lenges and ensure sustainability.  
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Introduction 
Cities need to be sustainable and to offer certain 
standards of quality of life and opportunity that 
make people want to live in them and organize 
their activities. Urbanization requires economic 
development and the delivery of many public 
services, such as education, healthcare, and 
transportation; but the process is associated 
with environmental degradation, biodiversity 
loss, pollution and congestion, and economic and 
social exclusion. 

We need a global effort and interest to ensure a 
future of healthy, attractive, and vibrant towns 
and cities for future generations. To realize these 
common objectives, we need attractive areas to 
live, work, and relax in. The migration of popula-
tion from rural to urban is increasing. People 
choose to live in urban areas and have a better 
quality of life. 75% of Europeans live in cities and 
urban areas, and by 2020 this is expected to rise 
to 80% (EC Report). The causes are more job op-
portunities and other social and economic ad-
vantages.  

Therefore, we can say that biodiversity makes 
our cities green and pleasant places. Neverthe-
less, biodiversity is affected by urban develop-
ment. Urban areas can mitigate and adapt to cli-
mate change by using solutions provided by na-
ture and biodiversity, such as green roofs and 
walls or biodiversity-rich parks or gardens. All 
major developments are expected to utilize 
green roofs as a technique for climate change 
mitigation. Green roofs offer many public, pri-
vate, and design-based benefits: through the 
daily dew and evaporation cycle, plants on verti-
cal and horizontal surfaces are able to cool cities 
during hot summer months and reduce the Ur-
ban Heat Island (UHI) effect; the light absorbed 
by vegetation could be converted into heat en-
ergy. It can also reduce the distribution of dust 
and particulate matter throughout the city, as 
well as the production of smog; reducing green-
house gas emissions and adapting urban areas to 
a future climate with warmer summers. Visual 
and environmental diversity can have positive 
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impacts on community and psychological well-
being, as well as many other benefits. 

At present, the biodiversity is delicate and fre-
quently threatened by urban development. If 
managed correctly and smartly, urbanization 
can contribute to biodiversity conservation 
through spatial planning at city level. For exam-
ple, the EU launched a process of developing a 
strategy on green infrastructure to protect biodi-
versity and ecosystem services. The strategy will 
embrace both the Natura 2000 network and the 
four-fifths of the EU territory that falls outside it 
(European Commission Directorate-General for 
the Environment Information Centre [BU-9 
0/11], 2010). 

 

Material and Methods 
This paper proposes to find ways to support cit-
izens and local governments in their efforts to 
make our cities and towns clean and healthy, 
green and pleasant, efficient, well managed, and 
sustainable. We need policies and measures in 
support of a quality urban environment for citi-
zens, to keep our urban environments clean, 
green, and healthy. Some of the key policies and 
initiatives aimed at decoupling economic and so-
cial development from consumption of resources 
are: 

Natural resources: For efficiently function and to 
lower use of natural resources, it is vitally im-
portant for our cities to achieve a sustainable 
quality of life for world citizens, now and into the 
future. It is vital to adopt a number of key policies 
and initiatives aimed at decoupling economic 
and social development from consumption of re-
sources. Cities requires a wide range of re-
sources, from energy and water to minerals and 
metals. The EU’s Thematic Strategy on the Sus-
tainable use of Natural Resources highlights the 
danger of using natural resources at a rate that 
exceeds their regeneration capacity (EU, 2005).  

This strategy requires Member States to draw up 
waste prevention programs. Cities need to have 
the opportunity to manage the use of resources 
better, use them efficiently, and cut down on 
waste and pollution. Some studies have found 

that per capita consumption of resources such as 
energy tends to be lower in urban areas, because 
of efficiencies achievable in areas with higher 
population densities. However, there are consid-
erable differences between cities in terms of per-
formance. 

Energy: One of the important component in the 
effort to achieve efficient and sustainable global 
cities is development of green buildings that re-
quire less energy for lighting, heating, and cool-
ing through clever use of glass and innovative 
airflow systems. The EU promotes green build-
ings through several measures including the En-
ergy Performance of Buildings Directive 
(2010/31/EC), which sets minimum standards 
requiring Member States to make new and exist-
ing buildings more energy efficient. The EU is 
also working on reducing our dependency on 
fossil fuels by increasing the amount of energy 
that comes from renewable sources. The Renew-
able Energy Directive (2009/28/EC) requires 
20% of energy across the EU to come from re-
newable sources by 2020. 

Transport: To improve the citizens’ quality of life 
and create economic development, efficient ur-
ban transport is fundamental. At the moment, 
the internal combustion engine is a major source 
of air and noise pollution and negative impacts 
on health and the environment. The EU is also 
promoting the use of electric and hybrid cars 
through the European Green Cars Initiative, 
launched in 2009. 

In Valahia University of Targoviste, Romania, 
there are important initiatives in this area based 
on the experience to develop a Competitive Pol 
at regional level, for electric cars building, in 
partnership with Renault Technologies Com-
pany, resulting in important research and educa-
tion. The university sustain a research center for 
electric vehicles (eMotion) and a Master’s pro-
gram— Integrated Electrical Systems Engineer-
ing in Vehicles.  

Climate change: The long-term sustainability 
goals is the reduction of the climate change ef-
fect. “The European Commission supports cities 
in reducing carbon emissions through initiatives 
such as the Covenant of Mayors.  
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SMART CITIES  SUSTAINABLE CITIES 
Institutional  Economic 

E-governance and citizen services  
 

Competitive economy  
Employment growth and opportunity 
Governance 

Physical infrastructure Environmental components 
Smart energy management  
Smart water management  
Smart waste management  
Urban mobility  
Smart communications  
Smart environment  

Climate change mitigation and adaptation 
Water, waste, and energy management  
Green buildings 
Sustainable transport  
Water quality and air quality  
Natural resource management, including biodiversity 
and green cover 

Social infrastructure Social development 
Smart healthcare  
Smart education   
Recreation: arts, sports, entertainment 

Social inclusion, stakeholder engagement, and 
participation  
Human rights  
Sanitation, public health, and safety 

Economic infrastructure  
Education 
Incubators, business parks, hubs, etc. 

 

Figure 1: Smart and sustainable city components (Ratan, 2015) 

 

More than 1,900 cities across Europe have 
committed to go beyond the EU emission 
reduction targets of a 20% cut in CO2 emissions 
by 2020—through the development and imple-
mentation of Sustainable Energy Action Plans” 
(European Commission Directorate-General for 
the Environment Information Centre [BU-9 
0/11], 2010). 

 One of the conditions is the exchange and appli-
cation of good practices to improve energy effi-
ciency and promote low-carbon business and 
economic development. There are measures to 
identify emissions reduction opportunities—in-
cluding better energy efficiency in buildings and 
green mobility. The European Commission’s 
White Paper on adapting to climate change noted 
that urban areas would face particular problems. 
The Commission is supporting actions such as 
the GRaBS project and BaltCICA (Climate 
Change: Impacts, Costs, and Adaptation in the 
Baltic Sea Region), which assesses flood risks 
and sea level rises in the Baltic Sea area with its 
many coastal cities (European Commission Di-
rectorate-General for the Environment Infor-
mation Centre [BU-9 0/11], 2010).  

Sustainable urban development: One of the tools 
for sustainable cities development is the imple-
mentation of an Integrated Environmental Man-
agement System (IEMS). A good elaboration of 
IEMS helps avoid conflicts by considering the 
competing demands between various policy ar-
eas and initiatives (economic well-being, com-
petitiveness, health, environment, spatial plan-
ning), and by setting long-term goals. 

In addition, we need to promote eco-innovation, 
and energy and resource efficiency, to encourage 
the cities to use the most environmentally 
friendly products and services, to achieve more 
sustainable consumption and production, and 
higher environmental standards. 

One of the instruments can be involving citizens 
in urban planning and playing a vital role in 
providing well-planned cities. Because citizens 
are affected by urban planning, authorities need 
to ensure that they are involved and provided 
with a forum for expressing their opinions. 
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Results and Discussions 
Each city has unique particularity and identity: 
cultural, historical, economical, etc. As well as a 
multitude of options for business, employment, 
healthcare, leisure, and education (Ratan, 2015). 
Of course, cities attract people from rural regions 
seeking opportunities for employment, educa-
tion, and a better lifestyle—migration process.  

Each city is unique, with a unique economic 
shape, environmental, and social context, and 
will have to determine a unique path to becom-
ing smart and sustainable. Sustainability re-
quires engagement and makes a balance be-
tween smart cities components and sustainable 
cities components (Figure 1). 

Future studies need to concentrate on the rela-
tionship between biodiversity conservation, ur-
ban planning, smart cities, natural resources, and 
ecological changes, rather the present approach. 
Detailed studies of natural resources distribu-
tion in some areas of the cities, or inner of cities, 

are necessary as a first step, to generate an equi-
librium between environmental components 
and human health.  

 

Conclusions 
Cities needs to be both sustainable and smart. 
The sustainability aspect is not just in terms of 
environment but also economic, social, and gov-
ernance. The three pillars of sustainable eco-
nomic advancement, political involvement, and 
social emancipation are the fundaments for a 
smart sustainable city.  

Using specialists in biodiversity conservation, 
architects, and elaborating good practices in 
smart cities, policy will help government author-
ities, decision-makers, city planners, consultants, 
entrepreneurs, and investors to view smart cit-
ies through the sustainability perspective and 
work together. 
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alternative policies considered to address any environmental problem should be 
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exert some efforts to look for potential negative side effects of policies. One pos-
sible rational policy tool is the Multi-Goal analysis which permits policy analyst 
to compare several alternatives against several criteria to choose the one that 
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alistic model of policy analysis, follows certain steps to address public policy 
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and solution analysis. 
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Introduction 
Environmental pollution problems are in fact the 
most salient public policy problems at both na-
tional and international levels. By its very nature, 
it’s a globalized problem because the harmful ac-
tivities to the environment of one country 
impose negative externalities on many if not all 
other countries of the world. This is the price of 
unlimited economic growth ventures and the 
consumerism ideology propagated by big busi-
ness and high-tech technology. Ironically, the de-
bates of whether pollution problems and global 
warming are consequent of human activity or 
not are ongoing controversies among different 
states and policymakers in the world. Not only 
that, but the existence of global environmental 
and pollution problems is in itself a topic of hot 

political debates and disagreements not only in 
political arenas but also among scientist and en-
vironmental activists.  

This is because policies to address the environ-
mental problems have consequences not only for 
the sustenance of life on planet earth, but be-
cause these policies have negative impacts on 
national economies and industries. They tend to 
affect the costs of production in many industries 
rendering them less competitive in national and 
international markets and sometimes limit the 
freedom of individuals and groups to live their 
lives the way they like. Some individuals may 
even believe that the debate around environ-
mental problems of pollution and global warm-
ing are esoteric concerns of some intellectuals 
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and academicians. These positions and individ-
ual attitudes underpin most of the controversies 
surrounding debates about the environment. 

The example of the United States of America 
(USA), which tops up the community of polluters 
and therefore, poses serious, dangerous conse-
quences to the global environment, is a good case 
in point. The present US government has de-
scribed the environmental problems as a “hoax,” 
and scientific findings of global warming and the 
ozone hole are not hard “science.” It has based 
this view on the assertions of a few environmen-
tal scientists who cast doubts about environmen-
tal sciences as not being hard sciences. Accord-
ingly, the present US government has repealed 
most of the environmental regulatory policies 
enacted by its predecessor and directed toward 
the sustainability of the environment inside the 
USA. It also refused to sign the Paris Accord on 
the environment, and the previous governments 
in the USA were adamantly reluctant to sign the 
Kyoto Protocol on the environment because it 
has negative impacts on its economic growth.  

The USA governments have adopted theses 
stands despite the numerous environmental 
hazards and catastrophes it has suffered in re-
cent times. These controversies reflect and un-
derscore the interests of the business lobbies 
which have a substantial influence on policy-
makers and conservative congressmen who 
spout pro-business political ideologies. With 
these policies, the USA forsakes its role as the 
global leader of climate change and environmen-
tal problems, and consequently, the European 
Union (EU) assumes this leadership role at both 
the EU and global levels. The present US 
government argues that regulatory policies di-
rected toward sustaining the environment have 
negative economic impacts by increasing the 
cost of industrial production and therefore ren-
dering the US-produced goods and services not 
competitive on the global market economy. 
Moreover, they partially contribute to the flight 
of the US capital and factories to countries where 
environmental regulations are less stringent and 
provide cheap labor for industrial production. 
Consequently, the American working classes 
lose their industrial jobs to other countries.  

However, a caveat is in order here; not all US 
businesses, especially some technology enter-
prises, who express their opposition to these 
moves, accepted the new US government poli-
cies. It is this confluence of political and eco-
nomic factors in the environmental policy prob-
lems that have led us to adopt in this paper a po-
litical economy approach as represented by the 
Multi-Goal Analysis to guide policymakers in de-
signing public policies taking into account the 
different negative side effects of environmental 
policies on the economy and society. Moreover, 
by incorporating different criteria in the analysis 
of new proposed public policies, the Multi-Goal 
Analysis tool enables analysts and policymakers 
to evaluate the consequences of proposed public 
policies in all policy areas to the environment. 

 

The Methodology of the Study 
The paper uses a qualitative approach. Unlike 
the quantitative methodology, which admits only 
numerical variables into the analysis, the quali-
tative approach “analyzes behavior and attitudes 
which it is not possible or desirable to quantify” 
(Harrison, 2001, p. 74). Whereas quantitative 
methodology opts to use large sets of numerical 
variables and uses statistical techniques to test 
hypotheses to develop predictive theories and 
generalizations, the qualitative approach uses 
quantifiable and unquantifiable data to explore 
the problem to achieve depth rather than 
breadth of analysis. In this qualitative methodol-
ogy, the researcher utilizes their logic rather 
than the statistical techniques to interpret data. 
To perform this task, the researcher has to have 
a clear analytical and theoretical framework to 
address the problem at hand. Therefore, the pa-
per uses a political economy approach to address 
the environmental problems. This qualitative 
methodology suits also our normative objective 
in this paper to suggest the use of the Multi-Goal 
Analysis in the UAE environmental arena to ana-
lyze and design policies thereof.  

The multi-goal approach belongs to two tradi-
tions in policy analysis: rationality and political 
economy. For this reason, the paper adopts a ra-
tionalistic political economy approach as applied 
to public policy analysis studies. The political 
economy approach depends on the new trends in 
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policy analysis and the tenets of the public (or ra-
tional) choice movements. The political economy 
approach to policy analysis bases itself on three 
outstanding assumptions which analysts utilize 
to analyze public problems to find solutions for 
them. Theses pillars include (1) the purposive-
ness of human behavior, (2) people respond to 
incentives and constrains, and (3) people are in-
telligent and able to find innovative solutions to 
their problem (Bickers and Williams, 2001). The 
first assumption tells us that people have prefer-
ences for the way they want to live. In their pur-
suit of realizing their preferences, they are 
guided by their self-interest. Accordingly, they 
behave rationally as utility maximizers (making 
the possible benefit with the least possible 
costs). The rational maximizing behavior of an 
individual in pursuing his preferences may con-
flict with the preferences of other individuals 
and leads to common public policy problems 
(Stone, 2012). Thus, environmental problems 
are byproducts of this individual rational behav-
ior; that is individual behavior is the root of en-
vironmental problems.  

The second assumption tells us that policies de-
signed to address environmental problems may 
be effective when it uses incentives or 
constraints to influence individual behavior. The 
third assumption of people intelligence to find 
innovative solutions to their problems doesn’t 
mean that people as individuals alone can find 
solutions to collective problems like the environ-
mental problems. They do not have enough in-
centives to do so. It is governments with their 
eyes on the public interests that can do that. 

 

Definitions of the Term “Public Policy”  
Pollution and environmental problems are pub-
lic policy problems. A public policy problem is an 
“unrealized need, value or opportunity for im-
provement which, however, identified, may be 
attained through public action” (Dunn, 2004, p. 
4). This public action is what we call public pol-
icy. For the government to solve a public prob-
lem, after they’ve identified it, the government 
needs first information about the problem such 
as the evolution and history of the problem (level 
of pollution and stakeholders). It also needs in-
formation about values at stake (or goals) such 

as clean environment and a healthy population 
whose satisfaction will solve the problem (Dunn, 
2004). 

Researchers use many terms in the literature to 
refer to the term “public policy.” This phenome-
non reflects the existence of two main streams in 
public policy studies: the political descriptive 
stream favored by political scientists and the 
normative-practical rationalistic streams fa-
vored by practical-oriented policy analyst. How-
ever, the two streams are interconnected and 
benefit from each other. This conclusion will be 
explained later. Nevertheless, the terms used to 
denote public policies include plan, program, 
project, and activity. As such public policies are 
embodied in laws, regulations, decisions, and ac-
tions of government. 

In the academia, definitions of public policy 
abound reflecting the multifaceted nature of 
public policies and the inclination of each re-
searcher to provide a definition relevant to one 
facet of public policy relevant to his research ob-
jective, academic background, and interest. Thus 
many definitions exist in the literature. For the 
multiplicity of definitions of public policy see, for 
example, Cochran et al. (1999), Cochran and 
Malone (1995), Dye (1992), Peters (1999), and 
Schneider and Ingram (1997). This phenomenon 
of a multiplicity of definitions has led Thomas 
Dye (1992, p. 19) to argue that “the search for a 
single definition of public policy can degenerate 
into a word game.” Birkland (2011), reiterates 
Dye’s argument by stating that "there is a lack of 
a consensus on the definition of public policy."  

Thomas Dye (1992) provides a widely accepted 
and eloquently succinct definition of the public 
policy stating that “public policy is what govern-
ment chooses to do or not do.” This definition 
captures the nature of public policy and includes 
not only the positive actions of governments to 
address public problems but also the conscious 
decision of a government not to act. The element 
of choice is important here. For example, if the 
government chooses not address environmental 
problems and pollution, this choice is considered 
public policy. This is because the inaction of 
government, in this case, will have impacts on so-
ciety and incur cost and benefits for different 
groups in society. Although sometimes the best 
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option to address a problem may be to do noth-
ing about it, this is not a good option for environ-
mental problems because their negative impacts 
on society exceed all plausible benefit to industry 
and society.  

Dye’s definition appears in different forms devel-
oped by various authorities in the subject. The 
importance of this definition is that it directs the 
attention of public policy researchers to explore 
and explain the reasons why the government 
chose to adopt public policies to address certain 
public problems and sometimes chooses con-
sciously to ignore some other problems. This 
definition is simultaneously used for analytical, 
descriptive studies as well as practically oriented 
ones, since the latter advice policymakers to do 
nothing about the problem. Birkland (2011, pp. 
8–9) argues that “No single definition may ever 
be developed, but we can discern key attributes 
of public policy,” and therefore he attempts to 
summarize these attributes in the following 
points. 

- The policy is made in response to some sort 
of problem that requires attention 

- Policy is made on the public behalf.  
- Policy is oriented toward a goal or desired 

state, such as the solution of a problem 
- Policy is ultimately made by governments, 

even if the ideas come from outside govern-
ment or through the interaction of govern-
ment and nongovernmental actors.  

- The policy is interpreted and implemented by 
public and private actors who have different 
interpretations of problems, solutions, and 
their motivations. 

- The policy is what the government chooses 
not to do or not to do.  

Rationalistic practically-oriented approaches 
(policy analysis) accepts Dye’s definition, but 
most experts in policy analysis have their dis-
tinctive sets of definitions that reflect their prac-
tical orientation. Most of them are not concerned 
with producing theoretical definitions of public 
policy because public policy for them is, in fact, 
the “solution for public problems” they opt to de-
sign. Many of them may take the meaning of pub-
lic policy for granted. Therefore, they use differ-
ent terms to denote what they mean by public 

policy such as “policy proposal,” “policy alterna-
tives,” “policy options,” and “policy advice.”  

It is useful here to distinguish between policy 
outputs, which refer to the declared goals of pub-
lic policy, and policy outcomes as indicating the 
actual policy impacts of policies. This distinction 
helps us not only to concentrate on policy state-
ments and declared goals but also their imple-
mentation and real outcomes. This is because en-
vironmental policies in many cases are symbolic 
nature and lack positive outcomes. It is also use-
ful here to think of public policy as comprising 
the instruments through which governments in-
fluence the behavior of individuals or groups to 
make them comply with the goals of society. This 
does not mean that policymakers are always 
clear about what these goals and values are. The 
vernacular of public policy may be sometimes 
confusing in this respect. Kraft and Furlong 
(2015, p. 4) clarify this aspect by arguing that …  

Public policy scholars and policymakers speak 
sometimes without much clarity about 
intentions (the purpose of government action); 
goals (the stated ends to be achieved); plans, or 
proposals (the means of achieving goals); 
programs (the authorized means for perusing 
goals, and decisions or choices-that is, specific 
actions that are taken to set goals, develop plans, 
and implement programs. 

Weimer and Vining (1999; 2017) notice that 
public policy makers sometimes speak about 
public goals as if they are synonymous with pub-
lic policy. For example, “our policy is to provide 
a clean environment for everyone.” This state-
ment is a goal rather than a public policy. 

 

Literature Review: The Place of Multi-
Goal Analysis in Policy Sciences 

Public Policy Analysis and Design are relatively 
new fields in public administration, political, sci-
ence, economics, and other social sciences that 
gained tremendous popularity in both academic 
and professional arenas (Birkland, 2013). In 
1974, the USA National Associations of Schools 
of Public Affairs and Administration (NASPAA) 
accepted public policy analysis in its Guidelines 
and Standards for Professional Master Degrees 
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Programs in Public Affairs and Public Administra-
tion, as one of the professional fields to be stud-
ied and pursued by graduate students (Engel-
bert, 1977). In his paper presented at a 
symposium sponsored by Public Administration 
Review journal, Ukeles (1977, p. 223) noted, 
that, since the Yehezkel Dror call in September 
1967 for the introduction of a new professional 
job of policy analysts in government, and the 
identification of NASPAA of the field of policy 
analysis as an area to be included in all public 
affairs programs … 

(In) only seven years, policy analysis moved 
from proposition to reality, from “fringe” idea to 
a central place in official public administration 
thinking. This rapid acceptance of the legitimacy 
of policy analysis is one of the most remarkable 
developments in modern public affairs.  

The job of policy analyst in government, and 
even in multinational companies and nongov-
ernmental organizations, has been well estab-
lished in these settings and has witnessed in-
creasing demand from different levels of US gov-
ernment: federal, state, and local governments. 
This fact explains the proliferation of public pol-
icy programs in almost all American universities 
either as in-house programs in the departments 
of political science, public administration, eco-
nomics, and other social science departments, 
and even professional disciplines such as medi-
cine or engineering or as stand-alone profes-
sional schools of public policy in separate enti-
ties. The expansion of the discipline has crossed 
the American borders to Canada and other Eng-
lish-speaking or non-English speaking European 
countries and even some developing countries 
(see Furubo, 2007; Mathur and Mathur, 2007; 
Mayer, 2007; Mo, 2007; Parsons, 2007; Saretzki, 
2007).  

A huge body of literature on public policy is 
building up. For example, the University of Cali-
fornia’s electronic catalog houses more than 
4,586 book titles on the discipline of public pol-
icy (Gupta, 2001). Many US and European uni-
versities develop graduate programs in public 
policy processes to meet the rising demands for 
policy analysts. Many specialized professionals 
and scientific journals, such as Policy Studies and 
Journal of Policy Analysis and Management, have 

published thousands of theoretical and empirical 
papers on the subject. Unfortunately, the disci-
pline is highly underdeveloped in most Arab uni-
versities 

Since the multi-goal technique is an integral part 
of the public policy studies and analysis, it may 
be in order to review the literature in this new 
field to locate the place of the multi-goal tech-
nique in the current literature. A subsidiary goal 
of this review is to introduce and highlight the 
importance of this discipline and its practical ap-
plications to public policy problems by policy-
makers, academics, practitioners, and students 
in Arab countries. However, the discipline is at 
present highly underdeveloped in Arab universi-
ties.  

The modern roots of the discipline date back to 
the 1950s with the call of professor Harold Lass-
well of Chicago University to establish a field of 
policy sciences focusing on policy and opting to 
provide useful information regarding public pol-
icy problems to policymakers. His original ven-
ture calls for the integration of all social sciences, 
and in some cases, physical sciences, in one 
framework to address public problems. Of 
course, Lasswell’s call is enticed by his 
knowledge that the present social sciences—
economics, political science, sociology and oth-
ers—in their fragmented nature do not provide 
usable knowledge to policymakers. Several mod-
ern writers support this conclusion. For exam-
ple, Dunn (1999 and 2011) argues that the sepa-
rate independent social sciences have not pro-
duced useful information to policymakers. Dunn 
(1999, p. 3) succinctly argues that … 

Knowledge from multiple disciplines and profes-
sions is usually more effective in responding to 
real-world problems than is knowledge from sin-
gle disciplines and professions. Real World prob-
lems come in complex bundles that are political, 
social, economic, administrative, legal, ethical 
and more. They do not arrive in separate pack-
ages addressed to political scientists, econo-
mists, or public administrators. To name but 
three of the policy-relevant disciplines and pro-
fessions. So far, multidisciplinary policy analysis 
appears to provide the best fit with the complex 
and many-faceted worlds of public policymak-
ing.  
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Unfortunately, the ambitious Lasswell’s scheme 
did not materialize as he configured it. The social 
sciences have not removed the border between 
them and integrate themselves in one unifying 
framework. Instead, these sciences have incor-
porated the idea of public policy within their dis-
ciplinary boundaries (Elhussein, 1989). Thus, 
the field develops into two major streams: public 
policy as an approach in social science and policy 
analysis as a field in itself. Consequently, we have 
public policy focus in political science, public ad-
ministration, sociology, social works, and psy-
chology—to name a few of the social science dis-
ciplines. The emergence of policy analysis as an 
independent field of inquiry has led to the estab-
lishment of separate schools of policy analysis 
adopting multidisciplinary and interdisciplinary 
approaches. Both streams have proliferated in 
most of the US universities and European univer-
sities (Gupta, 2001).  

It is now possible to identify two major streams 
claiming the title of “public policy”: the policy 
studies and the rationalistic streams. Whereas 
the main objective of the former is explanatory, 
the latter claims to be practical and opting to 
provide practical advice to policymakers. The 
political system stream houses two types of 
models (1) models of how policy is made and (2) 
models of who makes policy and benefit from 
them (Dye, 2013; Kraft and Furlong, 2015; The-
odoulou and Cahn, 1995). The first group 
includes among others, political systems theory, 
structural functionalism, and policy cycle ap-
proach. The second group includes corporatism, 
elite, and groups models. Modern approaches 
that study one or the other aspect of the 
policymaking process include incrementalism 
(Lindblom, 1959; 1992), advocacy coalition 
framework (ACF) (Sabatier and Weible, 2014), 
Multiple Stream Approach (MSA) (Kingdon, 
1995), Punctuated Equilibrium (Baumgartner 
and Jones, 2009), Institutional Analysis and 
Development (Ostrom et al., 2014), Policy 
Feedback Theory (Mettler and SoRelle, 2014), 
Social Constructionist Theory (Schneider et al., 
2014), the Narrative Policy Framework (McBeth 
et al., 2014), Innovation and Diffusion Models 
(Bery and Bery, 2014). Unfortunately, most of 
these models address policymaking processes in 
the USA and, to some extent, Western pluralist 

democracies and are not relevant to countries 
outside the orbit of Western countries. There-
fore, the paper argues that the rationalistic ap-
proach, which the multi-goal belongs to, is more 
useful to policymakers in developing countries 
since it provides practical advice to them 
irrespective of the type of the political system 
(Stokey and Zeckhauser, 1978). We turn now to 
discuss the meaning of rationality and the ori-
gins of the rational model in policy analysis 
where the Multi-Goal Analysis is rooted.  

 

The Origin of the Multi-Goal Analysis: The 
Rationalist Model 
The Rational Model of policy analysis contains 
varied sets of approaches that attempt to use the 
tools of social sciences and professions to pro-
vide practical advice to policymakers. Rational-
ity refers to a major trend in social sciences in 
general and particularly in policy-making and 
decision-making models. Rationality as style or 
model in social sciences studies opts to create 
and encourage a certain mindset in private sec-
tor organization, and public-sector organization, 
to structure their decision-making processes 
rationally. Consequently, the model advocates 
and encourages, through economic sciences in 
general and development economics in particu-
lar, the adoption of scientific planning tools and 
methods. With the emergence of the new policy 
sciences, which emerged from the outset as a 
problem-solving approach, rationality pervades 
the new policy analysis approach and thereby 
enhancing its normative orientation. (Weimer 
and Vining, 1999). In the discipline of policy 
analysis, the concept of rationality is defined as a 
logical and structured framework that may be fa-
cilitated to “translate policymakers' intentions, 
goals, and assumptions into suitable policies to 
achieve targeted goals” (Lawton and Rose, 1994, 
p. 119).  

In the literature, two versions of rationality are 
customarily identified; i.e. comprehensive (eco-
nomic or unbounded) rationality and Herbert Si-
mon’s bounded rationality. Authors characterize 
the differences between the two versions 
regarding the degree of rationality sought, the 
amount of information required to make rational 
decisions, and the range of policy options to be 

Binder1.pdf   69 2/25/2018   1:47:40 PM



60 © Mansour 2018 | In Search of Feasible Environmental Policy Making Tools 

 

Science Target Inc. www.sciencetarget.com 

considered and evaluated for policymaking. 
Whereas, comprehensive rationality requires 
that policy analysts and planners should collect 
all information related to the problem at hand, 
and to dig up for all policy alternatives to address 
public problem under consideration, calculate all 
the benefits of all alternatives and pick up the 
most optimum alternative (the buzzwords are all 
and optimum), bounded rationality acknowl-
edges the costs of information and the limitation 
of time and human cognitive abilities to collect 
and process all information and to dig up all 
information. Time and resource constraints 
bound policymakers to apply bounded rational-
ity (the buzzword here is satisficing). Therefore, 
bounded rationality uses available information 
and considers only a limited set of policy solu-
tions to pick up the satisficing rather than the 
most optimum solution.  

However, both versions of rationality seek to 
maximize the values of efficiency, effectiveness, 
and economy to maximize social gains (benefits) 
from government policies at the least possible 
costs. In this sense, rationality is seen in terms of 
policy costs and policy benefits (the costs-bene-
fits ratio). Thus, it is not astonishing at all that the 
tool favored by economic rationality is the Cost-
Benefit Analysis (CBA) tool. As such both ver-
sions of rationality underscore the fundamental 
axiom of the “rational economic man” on whose 
rational behavior the optimal equilibrium of 
competitive markets is postulated. Moreover, 
they also both underpins the concept of the “ra-
tional administrative man” which permeates all 
traditional bureaucratic thinking (Max Weber’s 
ideal-type bureaucracy) as well as modern ad-
ministrative theories, which views organizations 
as being goal-oriented and utilize all efficient 
means to achieve these goals (Jackson, 1983, p. 
89). Moreover, both versions of rationality adopt 
and advocate a similar framework for rational 
policymaking. Hogwood and Gunn, (1990, p. 47) 
describe the framework advocated by compre-
hensive rationality, in term of a sequence of logi-
cal steps of policymaking. A rational policy-
maker... 

(1) identifies a policy problem on which there is 
sufficient consensus among relevant stake-
holders that the decision maker can act on their 
behalf, (2) defines and ranks consistently all 

measurable goals and objectives whose attain-
ment constitutes a solution for the problem, (3) 
identifies all policy alternatives that may con-
tribute to each goal and objective and forecasts 
all the consequences of each alternative, (4) 
compares these consequences in term of criteria 
or goals, (5) chooses the alternative or combina-
tion of alternatives that would maximize the 
values earlier defined as being most important. 

The grand underpinning assumptions of ration-
ality are that all policymakers’ behavior is goal-
oriented and that policymakers (and individuals 
for that matter) always choose the best or opti-
mum policy alternatives, from among competing 
alternatives, which achieve the best cost/benefit 
ratio. Critics of comprehensive rationality invari-
ably target its fundamental axioms such as its 
overemphasis on quantification (Halberstam, 
1972, pp. 348–349), its overemphasis on the 
unlimited provision of information, and its 
oversimplified and naive assumption about the 
ever-present consensus among different politi-
cal actors and stakeholders about definitions of 
public problems, policy goals. In addition to its 
unrealistic demand for the consideration of all 
policy alternatives to address a certain problem.  

A more damaging criticism questions the validity 
of the assumption about the availability of unlim-
ited constellations of objective courses of actions 
whose outcomes are amenable to rigorous and 
scientific testing in a way that facilitate the 
choice between them by utilizing a technical 
measure, usually economic criteria (Cochran and 
Malone, 1995, p. 52). It is argued that this com-
prehensive rationalistic framework is not only 
inapplicable to the complex political environ-
ment of modern states, but also undesirable. 
Some critics even go to the extent of arguing that 
rationality is unsuitable even for business envi-
ronments, where there might be some degree of 
consensus about means and ends. For example, 
Tisdell (1975) argues that comprehensive ra-
tionality adopts stronger assumptions than is 
needed to obtain the most preferred alternative. 
In a similar vein, Cyert et al. (1956) and Cyert et 
al. (1958) argue that rationality is not applicable 
even in business environments because business 
decision makers are not always pursuing the as-
sumed behavior of maximizing a set of well-
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defined profit-oriented goals or well-defined 
growth-based functions. 

The unrealistic nature of comprehensive ration-
ality assumptions has led to the emergence of 
Nobel Laureate Herbert Simon's concept of 
“bounded rationality” to modify the wild as-
sumptions and tenets of comprehensive ration-
ality. Simon contends that all decision-making 
processes operate in contexts that are shaped 
and limited by different sets of time constraints 
and intellectual ability that fall short of compre-
hending the comprehensiveness of unbounded 
rationality. Therefore, these limitations lead de-
cision makers to opt to satisfice rather than to 
maximize their decision making. Thus, Simon 
coined the term satisficing to accurately describe 
actual decision situations in which "decision 
makers seek to identify a course of action that is 
just "good enough." Simon’s “satisficing” concept 
integrates the meaning of the two word: satisfy-
ing and sufficing, which he believes describe the 
actual behavior of decision makers who seek 
only sufficient satisfaction. Therefore, satisficing 
denotes a policy-making strategy that subro-
gates the unrealistic optimality criterion of com-
prehensive rationality for the criterion of ade-
quacy in choosing between a limited set of alter-
natives; i.e. adequate and optimal solutions.  

To simplify the complexity of policymaking, Si-
mon’s satisfying provides for the use of heuristics 
and rules of thumb to simplify rather than follow 
strict, rigid rules of optimization. The use of 
these simplifying techniques of decision-making, 
save decision-makers from going into computing 
the expected benefits of unlimited numbers of 
policy alternatives beyond their cognitive ability 
even with the help of the most advanced comput-
ers. In using these aids to calculations, policy-
makers avoid the costly deliberations and repe-
tition of the same calculations undertaken for 
similar activities where similar decision-making 
calculations are involved, (Simon, 1957). The 
concept of satisfying and the use of heuristics and 
rules of thumb to simplify decision-making bring 
Simon’s bounded rationality closer to the incre-
mental approach of decision making advocated 
by Charles Lindblom as an approach to policy-
making, and Aaron Wildavsky who uses it to 
study decision making in public budgeting (Wil-
davsky, 1979). Lindblom’s incrementalism is 

congruent with Simon’s argument that 
policymakers’ decision-making rarely operates 
within a framework of comprehensive or eco-
nomic rationality (Braybrooke and Lindblom, 
1970). However, Lindblom contends that his cri-
tique of comprehensive rationality as impracti-
cal and does not describe the actual world of 
policymaking is equally relevant to Simon's ver-
sion of bounded rationality.  

Following Simon’s seminal work on bounded ra-
tionality, which earned him the Nobel Prize, 
many modifications of his models produce sev-
eral types of rational models. Elinor Ostrom 
(1990) propounds forward other more inclusive 
forms of rationality that incorporate criteria 
other than efficiency such as institutional trans-
action costs, and political and social feasibility of 
policy options as well as organizational and 
moral costs and benefits (see Dunn, 2004, p. 48). 
Nevertheless, and despite criticisms, Simon’s ra-
tional model, aided by the tremendous develop-
ment in computer technology, underpins the 
foundation of many modern decision tools in the 
rational model such as statistical decision the-
ory, operation research, project appraisal, cost-
benefit analysis, and economic policy analysis. 
These tools, although unsuitable to address com-
plex societal problems, are adopted by some ra-
tional versions of modern policy analysis (see 
Stokey and Zeckhauser, 1978; Mood, 1983). The 
problem of these rational techniques, although 
useful in addressing low-level well-structured 
organizational problems such as maintenance, is 
that they do not invite to analysis other criteria 
beside efficiency such as political feasibility, ad-
ministrative ease, and equity criteria. These lim-
itations arise because of their inability to process 
and consider unquantifiable data about public 
problems. Hence, the Multi-Goal, which admits 
the use of economic as well as many noneco-
nomic criteria, is a good substitute for them, 
especially for ill-structured problems.  

The rationalistic approach in policy analysis, 
which emerged in the 1960s and 1970s, utilizes 
the methodological framework used in the neo-
positivist/empiricist tradition dominating in 
these years. It emphasizes rigorous quantitative 
methods and attempts to objectively separate 
facts from values to arrive at generalizations that 
apply to different political contexts (Fischer, 
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2007). Two modern approaches currently criti-
cize this approach; these are labeled as the “ar-
gumentative turn” in policy analysis (Fischer and 
Forester, 1993) and “deliberative policy analy-
sis” (Hajer and Wagernaar, 2003). Both the “ar-
gumentative turn” and “deliberative policy anal-
ysis” seek to address the epistemological and 
shortcomings of the neo-positivist approach (ra-
tionalistic). They criticize it as technocratic and 
does not describe the actual policy-making pro-
cess and fails to integrate facts and values in pol-
icy decisions. But despite these criticisms, the ar-
gumentative turn does no throw away the ra-
tionalist approach. Instead, it considers it as one 
input in the process of policy argumentation ra-
ther than the last word in it. Nevertheless, this 
criticism is not fair because policy analysts usu-
ally consider themselves as policy advisors ra-
ther than policymakers casting the final word in 
the policy-making process. Likewise, Deborah 
Stone’s (2012) critique of rationality which un-
derscores its limited view of public problems as 
excluding moral and other nonrational behavior 
can be refuted by the fact that the Multi-Goal ap-
proach can accommodate her concerns.  

Although the proponents of the rational ap-
proach advocate and adopt different types of an-
alytical tools derived from different disciplines, 
they share the practical orientation and stand-
ardized framework of analysis. For example, 
Stokey and Zeckhauser (1978) develop a five-
stage rational framework for policy analysis that 
is used in one form or another by different ana-
lysts. The framework starts by first establishing 
the context which identifies the underlying prob-
lem that the analyst intends to deal with and the 
specific goals to be achieved by addressing this 
problem. Second, gathering information and de-
veloping alternative policies or courses of ac-
tions that are expected to address or solve the 
problem. Third, predicting the consequences of 
each alternative and determining the techniques 
that help in this prediction, and estimate the like-
lihood of achieving targeted outcomes under un-
certainty. Fourth, determine the criteria to facil-
itate evaluating the level or degree of success of 
each alternative in relation to desired outcomes, 
bearing in mind that different alternatives score 
different values in different criteria. This fact 

means that the choice of the preferred policy al-
ternative usually involves painful tradeoffs.  

Stokey and Zeckhauser (1978) adopt several 
nuts and bolts consisting of microeconomic tools 
as well as operational research tools that include, 
indifference curves, queuing theory, simulation, 
Markov models, cost-benefit analysis, linear pro-
gramming, and decision trees. The problem with 
these nuts and bolts, especially those derived 
from operation research, is that they apply to 
simple well-structured organizational problems 
and decisions and do not respond to complex ill-
structured public problems that involve many 
stakeholders and decision makers. However, 
policy analysis practitioners develop other ana-
lytic tools that are more appropriate to complex 
ill-structured public problems. Bardach (2012) 
outlines eight steps, in keeping with the general 
framework of rationality, that include a 
definition of the problem, assembling some evi-
dence, constructing the alternatives, selecting 
the criteria, projecting the outcomes, confront-
ing tradeoffs, deciding, and finally telling your 
story. The advantage of Bardach’s scheme lies in 
its simplicity and straight ford directions about 
how to conduct policy design for complex public 
problems in government. He advises the search 
for smart practices and customization of generic 
policy alternatives. However, although Bardach’s 
scheme, unlike Stokey and Zeckhauser, is aware 
of the complexity of public problems and the dif-
ferent economic and non-economic criteria in 
policy making, he does not show how the policy 
analyst deals with defining and diagnosing the 
public problem. Irwin (2003) presented a more 
detailed approach and introduced the concept of 
“Multi-Attributes Analysis” which come close to 
the concept of “Multi-Goal Analysis,” but again 
his analysis lack tools for diagnosing public 
problems. 

 

The Nature of the Environment as a Pub-
lic Policy Problem 
Researchers in public policy analysis classify 
public problems into three types: well-struc-
tured, moderately-structured, and ill-struc-
tured-problems (Dunn, 2004). Dunn (2004) uses 
a set of five elements including decision-makers, 
available alternative policies, utilities (values), 
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outcomes, and probabilities of occurrence, to 
distinguish between these problems. The author 
adds another three elements which include the 
nature of the problem, decision tools, and some 
stakeholders. Table 1 below compares these 
three types of public policy problems regarding 
the above-selected elements. Well-structured 
problems are those that are simple and exists 
within small organizations such as the problems 
of machines maintenance. Bührs and Bartlett 
(1993) call these problems analycentric problems 
because they are usually of a technical nature, in-
volve few decision-makers, and they seek effi-
cient solutions in economic terms. Policy deci-
sion tools in well-structured problems include 
different economic and operation research 
methods. They also have few stakeholders, a lim-
ited set of available policy alternatives and there 
is a consensus about their goals (utilities), and 
the outcomes of their policy alternative are cer-
tain or risky. Moreover, the probabilities of these 
outcomes can be statistically calculated. 

The moderately-structured problems occupy the 
middle position between well-structured and ill-
structured problems. They coincide with well-
structured problems in the first six elements ex-
cept for the decision tools because it uses eco-
nomic tools such as cost-benefit analysis and 
cost-effectiveness. Nevertheless, they differ from 
well-structured problems in the two elements of 
outcomes and the calculation of their probabili-
ties. Their outcomes are uncertain, and their 
probabilities are incalculable. At the end of ill-
structured problems, we encounter problems 
such as terrorism, the arms race, and environ-
mental problems. Their nature is messy and 
fuzzy; therefore, they are not solvable by simple 
operation research or economic tools. Their 
messiness is a fallout of the many stakeholders 
involved in them, the unlimited and conflicting 
alternatives available to policy-makers, the un-
known nature of their outcomes, and the diffi-
culty involved in calculating the probabilities of 
their outcomes.  

A caveat is important here. The three types of 
public problems do not constitute independent 
and separate entities because any problem type 
may also involve one or the other of the charac-
teristics of the three types. For example, most 
environmental problems are of the ill-structured 

type but may involve some technical compo-
nents in their composition. Therefore, they may 
employ some of the economic solutions of the 
moderately-structured type such as the policy of 
“internal markets” adopted by the EU and other 
countries and thereby creating markets for the 
right to pollute intended to internalize social 
costs arising from the negative externality of 
pollution (Buonanno and Nugent, 2013). Never-
theless, the globalized nature of many environ-
mental problems such as pollution involves 
many internal stakeholders (i.e. industry) and 
external stakeholders (other states). This fact in-
troduces politics and disagreements in the 
search for solutions to them. Hence negotiations, 
aided by technical advice, stand out as the most 
important tool to figure out possible compro-
mises and solutions for them. Therefore, the role 
of policy analysts as policy advisors is to provide 
possible alternatives and information to aid in 
their clients’ negotiations with other countries. 

 

Table 1 

Classification of public problems 

 Type of policy     

Elements 

Well-Struc-
tured 
(Maintenance) 

Moderately-
Structured 
(OPEC Nego-
tiations) 

Ill-
Structured 
(Terrorism)  

Nature of the 
problem 

Technical Partly 
Technical 

Messy-
Fuzzy 

Decision-
Makers 

One or Few One or Few Many 

Decision 
Tools 

Operation 
Research 

Economic 
Tools (Cost-
Benefit 
Analysis 

Politics and 
Policy 
Analysis 

Stakeholders Very Few Few Many 
Alternative 
Policies 

Limited Limited Unlimited  

Utilities 
(values) 

Consensus Consensus Conflict 

Outcomes Certain and 
Risky 

Uncertain Unknown 

Probabilities Calculable Incalculable Incalculable 

 

The Environmental Problem in the 
United Arab Emirates 
Three-fourths of United Arab Emirates land is 
predominantly arid land sustaining habitats and 
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communities that can survive in a natural con-
text of “small amounts of infrequent precipita-
tion and extremes of heat with consequent high 
evaporative losses” (Aspinall, 2001, 277). Since 
we are not interested in the natural composition 
of the UAE, a detailed picture of the UAE environ-
ment and its problems is accessible from Aspi-
nall (2001). What concerns us here is presenting 
the Multi-Goal Analysis as a possible tool to ana-
lyze and find solutions for the man-made envi-
ronmental problems and especially pollution. 
The UAE started to suffer different types of 
threats to its environment, (which had not been 
witnessed in the premodern era), after the emer-
gence of the new modern state of the UAE on De-
cember 2, 1971.  

The pollution problem in the UAE is a product of 
massive economic growth and industrialization 
policies which started in the post-independence 
era and the consequent urbanization and high 
standards of living brought about by these poli-
cies (Ghanem, 2001; Shihab, 2001). Since these 
policies and the economic prosperity they 
sustain are dependent on the production and 
consumption of oil products (Butt, 2001), as 
evident from research on the economic 
performance of the country in the first three 
decades (see Al Sadik, 2001), the UAE became 
one of the world polluters. The high style of liv-
ing, which depends on the oil-generated and 
massive use of oil consuming automobiles, air 
conditioning, and electronic devices bring the 
UAE to occupy high ranks among the polluters in 
the world, especially in highly congested urban 
centers. Since pollution problems involve a prob-
lem of public good and negative externalities 
whose negative impacts do not stay within the 
confinement of the borders of the polluting city 
or country, they affect the whole world. And spe-
cifically, because of this nature of the pollution 
problem, it involves a free rider problem in 
which cities and states free ride on each other. 
Hence, they cannot be solved by one country 
alone and need global cooperation. 

Thus globally, environmental problems gener-
ally, and pollution problems specifically, arise in 
recent years to occupy a high priority status in 
the national and the international policy agenda. 
The United Arab Emirates is not an exception to 

that. Although it is possible to justify the solu-
tions of pollution problems regarding the posi-
tive benefits to society, such as clean air, pure 
water, undisturbed fauna and flora, these issues 
usually involve moral crusades and emotions. 
Consequently, they lead to the formation of ad-
vocacy groups which utilize the vernacular of 
moral imperatives to seek policies to mitigate 
these problems. The proposal to use Multi-Goal 
Analysis in designing environmental and pollu-
tions policies in the UAE is intended to help the 
UAE negotiate its position in the international di-
alogue about the environment and the policies it 
adopts to combat these problems. 

 

Multi-Goal Analysis and Environment 
Problems  
Multi-Goal Analysis appears in the literature 
with different names such as Multi-Goal Analy-
sis, the rationalistic approach (Weimer and Vin-
ing, 1999) multi attributes, and multi-criteria 
tools (Mendoza and Martins, 2006,). Under all 
these names it virtually boils down to the same 
thing. Policy analysts utilize the Multi-Goal Anal-
ysis approach to analyze economic, political, so-
cial, as well as foreign policy problems. Re-
searchers from other fields also use it to analyze 
technical problems. For example, Mendoza and 
Martins (2006), applies it to forest resource 
management. The choice of the Multi-Goal Anal-
ysis approach to analyzing public problems 
stems from the fact that, unlike other rational 
schemes, it admits other criteria of concern to 
policymakers beside the economic criteria. In 
this paper, we will mainly depend on Weimer 
and Vining’s version of the Multi-Goal analysis, 
but we supplement it with ideas from other sim-
ilar approaches like that of Bardach (2012).  

Generally, the model of rational decision-making 
in policy making is performed within an accepta-
ble framework that contains certain logical 
steps. These include identification of a problem, 
specification and ranking of the policy goals and 
objectives the attainment of which will 
contribute to the problem solving, specification 
of policy alternatives which analysts think will 
contribute to solving the problem, and achieve 
goals and objectives, forecast of the possible 
outcomes related to each alternative if 
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implemented, compare these alternatives 
according to the contribution of each alternative 
to goals and objectives, choose the best 
alternative that maximizes the achievement of 
goals and objectives, and monitoring of 
implementing the chosen alternative and make 
necessary changes (see Dunn, 2004). Different 
rational policy analysis research uses different 
versions of this rational framework with differ-
ent labels for each step. For example, Bardach, 
(2012, pp. 1–59), “develops a set of eight steps 
policy analysis which includes defining the prob-
lem, assemble some evidence, construct alterna-
tives, project outcomes, confront the tradeoffs, 
decide, (and) tell your story. For more on similar 
versions of the rationalistic approach, see Bick-
ers and Williams (2001), Dye (2013), Guess and 
Farnham (2000), Hogwood and Gunn, (1984), Ir-
win (2003), and Knoepfel et al. (2007). However, 
Weimer and Vining (1999) provide the most ar-
ticulate scheme that utilizes and embodies the 
rational model of policymaking. 

Weimer and Vining (1999) divide the analysis of 
public problems into two main parts: problem 
analysis and solution analysis. The first part of 
problem analysis includes firstly “understanding 
the problem which includes several tasks to per-
form by policy analysts. These include receiving 
the problem, framing the problem, and modeling 
the problem. Secondly, choosing and explaining 
relevant goals and constraints and finally select-
ing a solution method. The solution part involves 
the choice of evaluation criteria, looking for pol-
icy alternatives, predicting the possible impacts 
of the chosen policy alternative and valuing them 
regarding the chosen criteria. Finally, recom-
mending actions” (Weimer and Vining, 1999, p. 
257).  

 

Understanding the Environmental Prob-
lems 
This first stage of the Multi-Goal Analysis in-
structs analysts to go beyond the simple require-
ment of most applications of the model. Re-
searchers usually start with defining the prob-
lem. For example, Bardach (2012) suggests the 
use of defining the problem regarding what he 
calls “excess and deficit” technique. This tech-
nique defines policy problems regarding excess 

in some phenomenon or deficit in it. For, exam-
ple, “the demand for water in the United Arab 
Emirates is growing faster than the supply of it.” 
Quantitative magnitudes should qualify the 
amount of excess or deficit. This simple approach 
to understanding the environmental problems, 
although partially useful, is not very helpful in 
capturing the different dimensions and complex-
ities of the problem. The benefits of environmen-
tal regulation such as clean air, purer water, and 
unlittered seashores, are diffused and go to the 
general public. However, automobile makers, 
utility companies, manufacturers, bottlers, and 
packagers bear the heavy costs of these policies. 
(Bickers and Williams, 2001). It is therefore im-
portant to understand the concerns and problem 
definitions of different stakeholders without 
necessarily accepting these definitions on their 
face value. 

 

Framing the Problem of Environment 
It is not enough to assess symptoms and definite 
the environmental problem. The analyst also 
needs to frame or diagnose the problem. This ac-
tivity requires an effort to frame the problem in 
a way that specifies causal relationships that ex-
plains how the symptoms are associated with 
factors that can be targeted by public policy to 
mitigate the problem. For this purpose, any pre-
dictive economic or social science model or the-
ory may be helpful in framing the environmental 
problem. This is the most important component 
of the Multi-Goal Analysis. Framing the problem 
entails the diagnosing of public problems as aris-
ing of market failures or government failure or 
both. Policy analysts use certain attributes to di-
agnose public problems and their nature. Some 
attributes of public good problems make it im-
possible to produce a beneficial good or service 
to society through market mechanisms and 
hence call for the intervention of government by 
public policy to produce the good or address the 
anomaly thereof. These attributes include rival-
rousness, excludability, and congestability. The 
latter is not an inherent nature of the public good 
problem per se, but provides some light on why 
the market fails to produce certain public goods. 
A rivalrous good is a good which if consumed by 
one individual will not be available for others to 
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consume. The right of property ownership of the 
good is established. These goods are usually 
called private goods, and because they are devis-
able into units, they can be provided by the mar-
ket. By contrast, clean air is not rivalrous because 
everybody can enjoy it once provided. Private 
goods are characterized as being excludable. 
This fact means a private good can be owned by 
one person and the price mechanism in the mar-
ket exclude those who don’t pay its price for con-
suming it, so ownership is easily defined. By 
contrast, the clean environment is not excluda-
ble. 

Other extreme public goods such as national de-
fense and clean air are neither rivalrous nor ex-
cludable because their property rights are not 
definable nor subject to divisibility that allows 
the marked to divide into units and supply it for 
a price. Thus, the market fails to provide them in 
sufficient quantities if it provides them at all. 
Therefore, the examples of public good men-
tioned above are referred to as pure public 
goods. Congestible goods are not pure public 
good per se and therefore do not constitute mar-
ket failure. Examples include public parks, toll 
roads, and wildlife scenery. But at certain levels 
of use, they become congested and require a 
market mechanism to address them. These pub-
lic good constitute market failure when the num-
bers of individual using them increase beyond 
their capacity. The Salik program in Dubai is a 
good example of the use of market mechanisms 
to address the congestion of some roads. When 
property rights are not assigned to a public util-
ity where the goods are nonexcludable, rivalrous 
and congestible are called common pool re-
sources. These goods are related to the famous 
concept of the tragedy of the commons. 

To sum up, goods are not always characterized 
as either rivalrous or excludable. If we crisscross 
these properties of the goods, we get varieties of 
combinations of public problems. If we criss-
cross the characteristics of rivalrousness, ex-
cludability, nonexcludablity, and nonrivalrous-
ness we get a more concrete typology of public 
goods that allow us to identify the type of market 
failure involved. The combination of rivalrous-
nessand and excludability produces pure private 
goods such as food and clothes that are effi-

ciently produced by the market. The combina-
tion of excludability and rivalrousness with con-
testability results in private goods with negative 
externality. In this case, the market fails because 
it over produces goods with increased negative 
externality. Examples of the latter include pollu-
tion from cars and factories. The third category 
combines excludability and nonrivalrousness to 
produce what is known as toll goods. It also pro-
duces toll goods with congestion. The obvious 
example of this category is Salik in Dubai. In this 
case, the market encourages overconsumption of 
this good. The fifth category of common pool 
goods results from the combination of 
nonexcludablity and rivalrousness. Common 
pool goods, involving the tragedy of the common, 
are overconsumed leading to the destruction of 
the pool. These problems include for example 
grazing areas, fishing, and hunting. Finally, 
nonexcludablity and rivalrousness result in the 
problem of pure public goods which, if left to the 
market, will not be produced at all, although 
needed by society. It is here that we meet most 
environmental problems.  

It is possible to diagnose the problem of environ-
mental pollution as a private good with negative 
externalities (i.e. excludable and nonrivalrous) if 
we think of it as a problem arising from individ-
ual behaviors such as automobile drivers or fac-
tory owners. We can also diagnose it as a pure 
public good problem because treating the envi-
ronment if left to the market will not be 
produced at all. For example, clean air is a public 
good the absence of which may have an outcome 
of the use of private property such as steel pro-
duction and high consumption of oil that pol-
luted the air. The problem may one of the fallouts 
of driving cars by individuals. This framing of the 
problem as a public problem emanating from the 
private individual decisions of production and 
consumption and production may lead to certain 
types of policies. Thus, in trying to make these 
polluters stop polluting the environment, we 
compel them to pay for the provision of the 
public good of clean air. Alternatively, we could 
diagnose the problem of pollution as a problem 
of pure public good that will not be produced by 
the market because it involves the problem of 
the free rider.  
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The framing of environmental as either private 
good with negative externalities or a pure public 
good points to the type of public policy solution 
sought for the problem. The first framing points 
to the use of market solutions that are designed 
to internalize the costs of the negative external-
ity into the calculations of producers and con-
sumers of their private decisions of consumption 
or production. In the European Union countries, 
policy analysts usually frame this problem as one 
of private goods with negative externalities on 
society. This fact explains the facilitating of inter-
nal markets for pollution. The second framing of 
the problem as a pure public good problem put 
the burden of solving environmental problems 
on government policy. In this case, the govern-
ment uses its monopoly of coercion in the form 
of laws and regulations to prohibit certain be-
havior harmful to the environment. The possible 
solution available for government public policy 
to address the environmental problems will be 
discussed later. However, it is important to note 
here that as markets fail, there are also serious 
government failures which stem mostly from bu-
reaucratic failures to implement public policies 
and government monopoly. 

When the analyst frames the problem as being 
caused by market failures or government fail-
ures, the underlying assumption is that effi-
ciency, which means allocating resources to 
achieve maximum benefits with least costs, is the 
only goal of the analysis. This fact also implies 
that only the economic tools of cost-benefit anal-
ysis and its different versions, as well as cost-
effectiveness, are the only tools available for 
analysis. In reality, policymakers have seldom 
hold efficiency as their sole criterion. In a politi-
cal setting, policymakers have other criteria such 
as equity, political feasibility, administrative fea-
sibility, and many other unmonetizable or un-
quantifiable as required by the aforementioned 
economic tools. It is for this reason that the 
Multi-Goal Analysis is recommended to admit 
these other types of unmonetizable or unquanti-
fiable goals in the analysis and comparison of dif-
ferent alternative policies. Moreover, economic 
policy analysis assumes that the market is a bet-
ter allocator of resources than government. 
Therefore, it looks a priori to public policies that 
provide market solutions to public problems 

wherever possible; that is creating a market 
around the problem and allow market forces to 
discipline the behavior of individuals and corpo-
rations in the preferred ways. This logic under-
pins the policy of creating internal markets for 
rights to pollute as practiced by many industrial 
countries. In this context, government policy is 
necessary only if there is a market failure that 
cannot address the problem. However, 
policymakers usually have other political and so-
cial goals besides efficiency, such as equity, polit-
ical feasibility, legality, and other goals that we 
will consider later. 

The first step in Weimer and Vining to frame the 
problem is to decide whether there is a market 
failure or not. This step requires that the analyst 
decides whether there is an operating market 
around the problem or not. The possibilities here 
range from the existence of perfect free compet-
itive markets to complete absence of markets. 
The test for the existence of an operating market 
is the existence of a legal price that regulates the 
trade between buyers and sellers. For example, 
in the case of pollution in the United Arab 
Emirates, the question is, is there an operating 
internal market with a legal price regulating 
through the mechanisms of supply and demand, 
the rights to pollute and thereby discipline the 
behavior of polluters and force them to 
internalize the costs of negative externalities 
resulting from their decisions to consume or 
produce? The guiding rule here is that in the 
presence of a legal price for the service, the ana-
lyst may treat the situation as if it has an opera-
tional market and their advice may be to leave 
the market operating. Where prices are not 
legally permitted, as in the case of black markets 
for illicit drug transactions, the analyst con-
cludes that the market is not operational. In the 
case of a black market operating, making this 
market legal may create an operational market.  

In case of the existence of an inefficient opera-
tional market, the analyst may use the theory of 
market failure and government failures to see if 
the inefficiency of the market is a result of 
government failure; that is the government dis-
rupts the operation of the market by an interven-
tionist policy. The solution here is to remove the 
government interventionist policy. However, if 
available evidence suggests that the market is 
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working efficiently, the reasonable advice is to 
keep the status quo because the existing market 
allocates scarce resources in the most efficient 
way. However, it is important to note that gov-
ernment interventionist policy that distorts mar-
ket operation may be intended to achieve other 
social or political goals such as equity that the 
market cannot uphold. It is interesting to note 
here that the reluctance of different US govern-
ments to sign the Kyoto protocol on the environ-
ment and the present government withdrawal 
from the Paris Accord and abolishing all regula-
tory policies of environmental malpractices 
means that the government upholds market effi-
ciency as the sole goal of policymakers. 

In cases where the theory and evidence suggest 
the existence of a market failure in an opera-
tional market, there is a prima facie case for gov-
ernment intervention by public policy to correct 
the anomaly. In this case, market failure may be 
a result of the existence of monopoly, negative or 
positive externalities arising from private indi-
viduals’ decisions in production or consumption 
processes, or the existence of information asym-
metry (imperfect information). In this case, the 
analysts may argue that the market failure is a 
result of government failure; the failure to cor-
rect the market failure which may be considered 
as a passive failure. This government failure may 
stem from the government inability to diagnose 
the problem correctly or the pressure of a strong 
stakeholder to preserve the status quo. For ex-
ample, the government may fail because it does 
not diagnose problems of pollution as involving 
serious negative externalities or the polluting 
group's block government policies to apply sanc-
tions such as taxes to force the polluting groups 
to internalize the costs of the negative externali-
ties into their costs of production of production 
and consumption.  

In some cases, the analyst may find a nonopera-
tional market around a certain problem, such as 
congestion in the parking areas or main streets. 
In such cases, the analyst may consider estab-
lishing a market by imposing a price for the use 
of a facility or service and examines the 
possibility of efficient operation of this market 
within an appropriate framework. This means 
the theory of market failure is useful even in the 

absence of an operational market. In this case, di-
rect evidence to substantiate the analyst finding 
concerning the nonexistence of operational mar-
kets may not be available, and the analyst can 
utilize evidence available for the problem from 
other contexts in different localities, cities, or 
even other countries. If the analyst concludes 
that this market could operate efficiently, though 
it is not at present, then he may deduce that the 
inefficiency of this market result from existing 
interventionist public policy and therefore can 
advise the removal of this policy provided that 
the policy does not involve other important so-
cial or political goals. Hence, the absence of evi-
dence of market failures in an operational mar-
ket provides strong evidence for the existence of 
government failure and leads to the adoption of 
policies such as deregulation, privatization, or le-
galization. 

Sometimes the creation of a market in the ab-
sence of one may lead to the conclusion that 
market failure will result from this action. This 
market failure happens in cases of public goods, 
information asymmetry, externalities, and mo-
nopoly. In these cases, the analyst should con-
sider the probability of an appropriate govern-
ment policy to correct the anomaly efficiently. If 
the government policy is not successful to ad-
dress the problem because of poor implementa-
tion and management, then the problem may be 
framed as involving both market and govern-
ment failure. In this case, the analyst invests 
some efforts to explain the reasons for govern-
ment failure and dig up for more effective policy 
alternatives to solve the problem. The analysis of 
public policy problems, such as pollution prob-
lems is a prerequisite for the consideration of 
other goals besides efficiency in our Multi-Goal 
Analysis. A vast variety of environmental public 
problems can be diagnosed in this way. For ex-
ample, traffic noise is an externality; pollution is 
a public good involving negative externality, pre-
serving wildlife and fauna and flora becomes a 
public good involving negative externality, 
greening the arid land is a positive externality, 
environmental research yields public goods. 

The framing of public government as arising 
from market failure or government failure leads 
directly to developing a model for the problem 
that links the problem (dependent variables) to 
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factors (independent variables that influence the 
problem). These factors will be the target for a 
public policy using market solutions or govern-
ment solution. For example, consider the prob-
lem of pollution. The problem can be diagnosed 
as a public good or externality problem in which 
polluters decide to consume or produce some-
thing considering only the private costs the pay 
for their consumption or production without 
considering the social cost of their polluting ac-
tions. Hence, the most important factor in this 
problem is the difference between private costs 
and social cost (technically social costs include 
private costs plus private costs). Hence the 
model of pollution problems points to the differ-
ence between private costs and social costs of 
pollution as one of the causes of pollution. Social 
costs are the costs incurred by society in term of 
health problems, lack of clean air, depletion of 
social resources, and many others.  

The solution for the problem involves public 
policies forcing polluters to consider social costs 
as part of the cost of production or consumption 
by taxing them. Taxing, in this case, introduces 
market discipline in the way producers, and con-
sumers decide to consume or produce. Simply 
fining polluters may work to internalize the ex-
ternality but perhaps it may involve high admin-
istrative costs. European countries and the UAE 
logically use this method by creating internal 
markets for pollution or other types of monetary 
fines that punish, for example, smokers in public 
places. It should be reiterated here again that 
policymakers are not always concerned only 
with efficiency goals (criterion) which the 
previous discussion the framing public problems 
in term of market and government failure may 
imply. They, in most cases, have other goals, the 
achievement of which involves tradeoffs be-
tween these other goals and the goal of effi-
ciency. This fact calls for the facilitation of Multi-
Goal Analysis to include the nonefficiency crite-
ria with efficiency. Policy analysts assume that 
the latter is always achieved by the free competi-
tive market. 

 

Choosing a Solution Method 
The problem of market solutions to environmen-
tal pollution, such as the use of internal markets, 

is that they uphold only the criterion of effi-
ciency. In this case, the only solution methods 
sought by policy analysis is cost-benefit analysis 
(CBA). Weimer and Vining (1999) suggest that 
the choice of solution methods depends on the 
number of criteria of concern to the policymaker. 
In cases where efficiency is the sole criterion of 
the policymakers, then CBA is the most suitable 
tools provided that all impacts of the policy alter-
native are susceptible monetization. If the 
policymaker is interested in efficiency with an-
other quantifiable (but not in monetary terms) 
goal, such as the number of students at the 
schooling age, then the tool of cost-effectiveness 
is a preferred choice. However, it is seldom that 
policymakers are interested in only one or two 
goals. In this case, the Multi-Goal Analysis, espe-
cially when one or more goals are not susceptible 
to any quantification or can only be measured by 
ordinal values only then the Multi-Goal Analysis 
should be the preferred solution method be-
cause it admits multiple different criteria with 
different levels of measurements and valuations. 
Table 2 shows the possible shape of the goal pol-
icy matrix in a Multi-Goal Approach. 

 

Table 2 

Goal/policy matrix 

 Criteria     

           
Policy 

Net 
Benefit 
(CBA) 

Political 
Feasibility Equity 

Technical 
Feasibility 

A Score Score Score Score 
B Score Score Score Score 
C Score Score Score Score 
D Score Score Score Score 

  

Solutions Analysis for the Pollution Prob-
lem 
Solution analysis involves the performance of 
four activities: selecting the relevant criteria to 
compare alternative policy alternatives, devel-
oping feasible alternative policies to address the 
problem, forecasting the impacts (scores) of 
different criteria on the selected policy 
alternatives and display the results of forecasted 
scores in a goal policy matrix that shows the 
scores of each alternative on each criteria, and 
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finally choosing the best policy alternative that 
scores high in different criteria or the majority of 
them. 

 

The Selection of Criteria 
The process of selecting criteria involves a move-
ment from the generality and sometimes ambi-
guity of general goals down to more concrete ob-
jectives, criteria, and specific measures. Objec-
tives, or even the initial general goal itself, if sus-
ceptible to measurement in any manner, may be 
used as criteria. Criteria may be specified in the 
form of constraints. For example, policymakers 
may put a limit to the budget allocations for the 
policy problem under consideration.  

The number of criteria of concern to policy-
makers abounds. Here, we consider some of 
them that are relevant to the pollution problem. 
To begin with, we can talk about general criteria 
that are applicable and specific criteria that are 
related to the policy problem at hand as derived 
from the general criteria. General criteria include 
cost, net benefit, effectiveness, efficiency, equity, 
administrative ease, legality, and political ac-
ceptability or feasibility. Specific criteria must be 
derived from the general criteria to address the 
problem at hand. It is formed in a question form 
to be answered by the analysis to determine the 
score of each policy alternative in each criterion. 
For example, most policy analysts advise the in-
clusion of net benefit (cost-benefit ratio) to soci-
ety. The net benefit is a general criterion and 
must always be considered in evaluating the pol-
icy. The specific criteria for the net benefit crite-
rion may be formed in many different question 
forms such as “how the policy alternative will 
harm or benefit particular stakeholders?” This 
question must be researched for all policy alter-
natives to arrive at specific scores for each alter-
native. For the sake of answering the question 
embedded in certain criteria, we need to specify 
the measure we will use to gauge the criteria for 
each alternative. Measures are the actual meas-
urements of the criteria for a specific policy al-
ternative. The measure is the actual score of each 
proposed policy alternative in each specific cri-
terion. For example, measures such as the fol-
lowing might be employed for the case of a pol-
luted river. 

- Effectiveness (general criterion): how much 
will each policy alternative decrease the rates 
of pollution below current levels? (Specific 
criterion) how many milligrams of pollutants 
per liter of water will this alternative clean 
up? (measure) 

- Cost (general criterion): how many dollars 
will be required to implement this alterna-
tive? (Specific criterion) how many dollars 
are required to clean milligrams of pollutants 
per liter of water? (measure)  

- Technical feasibility (general criterion), is 
this alternative technically feasible? (Specific 
criterion) are the necessary equipment avail-
able for this alternative and are people 
trained to use it? (measure) 

- Political feasibility (general criterion). Is this 
alternative politically feasible? (Specific crite-
rion) what percentage of policymakers, or 
population at the voting-age will favor this al-
ternative in a statewide poll? (measure)  

 

Development of Feasible Policy Alterna-
tives 
Public policy problems are a consequence of in-
dividual decisions to satisfy their desires and 
preferences which may lead to collective policy 
problems to society at large. Therefore, policy 
analysts design most public policy proposals to 
influence individual or group behavior in the di-
rection of the desired end states. Hence, there 
are at least five major steps the analyst should 
perform in this regard. Bickers and Williams 
(2001, p. 243) summarize these steps as follows: 

 (1) the characteristics of the policy good at 
stake, (2) the relative merits of bottom-up versus 
top-down approach, (3) the strength and 
weakness of utilizing market incentives for 
addressing the problem, (4) the type and amount 
of government coercion that may be necessary, 
and (5) the likelihood of bureaucratic failures.  

The first step has already been addressed in the 
“understanding the problem” section.  

Now, the question is: where do analyst find solu-
tions for environmental problems? One method 
involves a deep evaluation of solutions that are 
already being utilized locally, regionally, and in-
ternationally. The wide diversity of multiple, 
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overlapping, proximate localities, neighboring 
countries, and the world at large made accessible 
by the widespread of the interment provide a 
huge reservoir of the possible policy solutions. In 
these places and regions, there are always simi-
lar environmental problems from which policy 
analysts can customize possible solutions to 
their particular setting. It is pertinent to note 
here that there are no readymade answers to 
guide policy analysts to conduct policy analysis 
and find the best solution. Any public problem 
involves too many variables, plenty of assump-
tions, and policymakers and individuals’ prefer-
ences. Therefore, there is no one-size-fits-all tool 
to select the best policy solution. Hence, it is im-
portant for analysis before starting their analysis 
of the pollution problem to build a mental image 
of how a certain policy solution might fit within 
the institutional context within which individu-
als and groups, as well as policymakers, seek to 
act on their preferences and understandings of 
the problem (Bickers and Williams, 2001). 

In designing policies for pollution, it is important 
to define the public targeted by the policy or in 
other words the stakeholders who have a stake 
in the problem. In the case of pollution, we must 
define this public not as a single public because 
different stakeholders have different interests in 
the problem. Bickers and Williams (2001, p. 2) 
defines the public of a public problem as “the set 
of individuals who are likely to be affected by the 
consequences of a particular policy.” In the case 
of pollution, the public is not only multiple but 
have different perspectives, and significant parts 
of it exist beyond the borders of the specific 
country. This fact is what makes environmental 
and pollution problems global ones. Its public is 
all humanity. A letter published in Journal BioSci-
ence addressed to all humanity by 1,600 scien-
tists from 184 countries, urges the world to “fix 
environmental problems before it's too late.” 
They warn that if humanity is not ready to make 
significant changes in the way we behave, the 
earth may suffer "substantial and irreversi-
ble" damage. The letter then enumerates the 
normal damages which include climate change, 
"dead zones" in the oceans, threats to freshwater 
and forests, the extinction of some animals and 
unsustainable population growth.  (CNN, p. 2–

17). The main culprit behind some, if not all, of 
these problems, is environmental pollution. 

The policy analyst has a wide spectrum of poli-
cies to choose from. These can be summarized 
under three main groups: government coercion, 
market solutions, and a mixture of market solu-
tions and government coercion. The latter can be 
branched out into two extremes which range 
from noncoercive measures to highly coercive 
measures. Many options exist between these two 
extremes that differ only in term of the levels of 
government coercion. These include hortatory 
campaigns which involve appeals to comply with 
certain government directives concerning 
pollution, information provision policies that 
provide information regarding dangerous 
hazards posed by pollution, positive incentives 
that provide for example tax preferences, 
provision of the public goods that involve 
government efforts to oversee air quality over 
urban areas, and finally negative sanctions 
which include laws that criminalize and prohibit 
certain anti-environmental behavior (Bickers 
and Williams, 2001).  

The strengths and weaknesses of these possible 
policies are easily observable. Whereas, horta-
tory policy is not expensive, but its efficacy is 
doubtful because the average individual is not 
aware of the dangers imposed by environmental 
hazards on them. The problem appears to aver-
age individuals as arcane and academic. And 
even if they are aware, they prefer to free ride on 
others. Information provision suffers from the 
same weaknesses of hortatory ones. Positive in-
centives may have some impact on individual be-
haviors if these incentives are directly provided. 
However, they involve more administrative 
costs to government. The provision of clean air 
as a public good by the government is difficult to 
manage and involves high administrative costs. 
This is also true to negative sanctions. 
Nevertheless, their efficacy is higher than the 
other alternative although it involves higher ad-
ministrative expenses. It is for this reason that 
most economists and policymakers in Western 
countries prefer market solutions and thereby 
ignore other important criteria and goals.  
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Forecasting the Impacts of Policy Alterna-
tives on Different Criteria 
Forecasting is the technical process by which the 
policy analyst tries to forecast the probable im-
pacts or scores of different policy alternatives in 
the selected set of criteria to fill the slots in the 
goal/policy matrix shown above. Nevertheless, 
this is not a simple task nor a straightforward 
one. Forecasting is about predicting the future 
outcomes which are surrounded all over by the 
factor of uncertainty imposed by the unknown 
outcome of future events (Hogwood and Gunn, 
1990; Morgan and Small, 2004). However, ana-
lysts perforce have to conduct forecasting oper-
ations to provide policymakers with information 
about possible outcomes highlighting the most 
probable outcomes; that it is better to take policy 
decisions in unstructured problems on probabil-
istic bases than naught. It is not our purpose in 
this short space of the paper to detail the fore-
casting techniques but to provide a summary of 
them. 

In the policy analysis literature, forecasting tech-
niques are classified into two major groups: ex-
trapolation and judgmental techniques. The first 
includes the use of sophisticated statistical tech-
niques, such as different types of regression 
analysis, to predict the future events within cer-
tain probabilistic margins, from past and present 
data. The underlining assumption is that the 
trend of the future events will continue along the 
same track of past and present events. If no sig-
nificant political or social change that influences 
drastically trajectory of future events, then this 
method may produce some reliable probabilistic 
information. The dependability of results of re-
gression analysis depends largely on the time 
span and the spatial scene covered by the study. 
In short-term periods (e.g. 1 year), and limited 
geographical areas, the results may be reasona-
bly acceptable. In longer time spans (5 years and 
above) and wide geographical areas, uncertainty 
looms large. 

The second groups of judgmental techniques in-
clude the Delphi technique, brainstorming, sce-
nario writing, and many others. These tech-
niques are less precise than the extrapolation 

technique, although they may be of some utility 
if combined with the latter. The Delphi tool in-
volves the selection of anonymous experts (not 
known to each other) to remove the influence of 
extroverts or high status of some members over 
other participants. The Delphi manager 
distributes a questionnaire to participant asking 
about a certain outcome and its probability of oc-
currence. Then the manager summarizes the re-
sults of the questionnaire and redistributes it 
again to allow experts to modify their original re-
sponses accordingly. After several such rounds, 
the manager may aggregate results and compute 
them to see their probability of occurrence. 
Brainstorming works similarly, only the identity 
of participants is not anonymous. The analyst 
gives the group the freedom to express their 
views regarding the possibility of certain out-
come without any criticisms or filtering. Then 
the views expressed by the group are subjected 
to filtering, modifications, or discarding in an 
open discussion among the participants (See 
Bingham and Ethridge, 1982; Hogwood and 
Gunn, 1990).  

Scenario writing is a hypothetical method which 
attempts to gauge the probability of occurrence 
or non-occurrence of certain policy outcomes. 
Bingham and Ethridge (1982, p. 73) argue that: 

Scenario writing is simply a method for sorting 
out possibilities where a given state of affair or 
policy decisions may have many conceivable 
consequences. Although the occurrence of these 
consequences or outcomes is uncertain, the ana-
lyst may have some knowledge of how factors 
under control by policymakers or administrative 
agencies are related to the desired outcome of 
the alternative policy.  

Scenario writing uses this knowledge to build 
computer simulations of best case and worst 
cases scenario. However, this knowledge may 
not be well developed to enable the analyst to 
build a useful computer simulation. It is advisa-
ble that the policy analyst build up a worst-case 
scenario and a best-case scenario for each alter-
native to give the policy makers different possi-
bilities associated with each alternative to aid 
the process of policy decision-making. 
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Choosing the Best Policy Alternative Us-
ing the Goal/Policy Matrix 
After filling all slots in the goal/policy matrix, 
sometimes the choice of the best policy alterna-
tives is easy if there is only one criterion such as 
efficiency or there is a policy alternative that 
dominates on all selected criteria in the goal/pol-
icy matrix which is a rare occurrence in practice. 
Analysts develop many methods to choose 
among policy alternatives. One simple method is 
called paired comparisons methods. For exam-
ple, “if there are five different alternatives then 
the analyst can compare alternative 1 with alter-
native 2 and determine which is superior. The 
better of the two is then compared with method 
3, and again one of them is determined to be su-
perior. The winner of each contest is then com-
pared with another of the remaining alternatives 
until all have been evaluated and the winner of 
the last contest is the overall winner.” This 
method presents a simple, step-by-step compar-
ison that is relatively easy to follow, if somewhat 
tedious. The problem with this method is that the 
outcome may be influenced by the order in 
which the alternatives were considered” (PPA 
670 Policy Analysis, 2017). Dunn (2004) pro-
posed a similar method of choosing the best al-
ternative which ranks high in all criteria. Of 
course, in cases where efficiency is the sole crite-
ria, which apply CBA analysis to the problem, the 
choice is straightforward: choose the alternative 

that achieves the highest positive net benefit, 
that is the cost/benefit ratio.  

 

Conclusion 
There is nothing much to say in the conclusion of 
this paper that has not been addressed in the 
main text. It may be beneficial here to summarize 
the main issues discussed in the paper. The pa-
per starts by introducing the controversy sur-
rounding the environmental pollution and global 
warming. It seems that the very existence of 
these problems is denied by some politicians to 
safeguard their economies since all solutions to 
pollution problems impact the operations of the 
industrial economies. To introduce the Multi-
Goal Analysis, the paper provides definitions of 
public policy, distinguishing between political 
approaches and rational approaches to policy 
analysis as well as the orientations of both ap-
proaches and their practical, or lack of, regarding 
helping policymakers. The paper also discusses 
the rational approach in social sciences and pol-
icy analysis as a prologue to the discussion of the 
Multi-Goal Analysis as one version of that ap-
proach. The paper also introduces a classifica-
tion of public policy problems to locate environ-
mental problems within that classification and 
briefly analyzes pollution problems in the UAE. 
Finally, the paper provides a detailed account of 
the different phases of the Multi-Goal Analysis 
and what is involved in these phases.
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Abstract. Low carbon and resilient supply chains (LCRSC) enable the achieve-
ment of the UN Sustainable Goals but requires a true multi-stakeholder approach 
by bridging eco-innovators, policy makers, businesses that incorporate eco-in-
novations, and the environment and society which act as core influencers. Nev-
ertheless, a systematic literature review on LCRSC (globally) shows a clear focus 
solely on institutional level drive of LCRSC (not accounting all the stakeholders). 
As a response, Carayannis, Barth, and Campbell (2012) proposed and formalized 
the “Quintuple Helix Model (QHM),” as an American school of thought, for sus-
tainable growth which aims at providing means for bridging the five types of 
stakeholders in cocreation to achieve enhanced environmental sustainability. 
This model is currently widely used in the USA and Europe; however, it has never 
been applied specifically for sustainable transportation. In this context, this re-
search applies the QHM in the field of LCRSC by relying on a valid sample of 311 
transporters from Europe complemented by six interviews and three focus 
groups (with all five stakeholders). The results show that quintuple helix cocre-
ation positively influences LCRSC practice adoption by properly relying on mar-
ket dynamics (i.e. eco-innovation adoption, competitive pressures, societal pres-
sures, etc.). The role of environmental policy making for LCRSC becomes critical 
and regulators should include in their directives more insights from the other 
quintuple helix stakeholders in order to facilitate proper adoption of LCRSC. 
Lastly, specific directives for each stakeholder are being proposed/revealed to 
ensure a strong impact.  
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Introduction 
Low carbon and resilient supply chains (LCRSC) 
act as core enablers of economic growth with tre-
mendously increased (cross-sectoral and cross-
cultural actor induced) pressures toward ensur-
ing resource efficiency and environmental foot-
print mitigation (Fallah et al., 2015; Ketikidis et 
al., 2013; Koh et al., 2013; Wong et al., 2016). 
Such cross-sectoral and cross-cultural actors 
that pressure LCRSC comprise of the key devel-
opmental pillars of a low carbon economy: re-
search/eco-innovation, effective environmental 
policies, industries that innovate or incorporate 

eco-innovations, and the environment and soci-
ety which act as core influencers of such an inte-
grated framework (the Quintuple Helix Model as 
described by Carayannis et al., 2012). Even more, 
low carbon resilience (ability of a supply chain to 
return to its operational mode in a low carbon 
manner after a disruption took place) requires 
true cocreation at the quintuple helix level as in-
stitutionally focused economic performance 
(during disruptions) can no longer be held ac-
countable for the societal and environmental 
damage triggered by supply chains in their com-
plex process of re-adaptation. Proper economic, 
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environmental, and social performance of supply 
chains should only be measured at the entire 
quintuple helix level in order to demonstrate a 
uniform regional growth (rather than institu-
tionally centered growth that does not guarantee 
a balanced adoption and implementation of 
LCRSC eco-innovations). This way, LCRSCs pose 
a core challenge for research and practice.  

Nevertheless, a systematic literature review on 
theoretical foundations related to LCRSC prac-
tice implementation shows a clear focus on insti-
tutional level drive of LCRSC research, eco-inno-
vation, and eco-practice incorporation (and deci-
sion-making) with mere (and very recent) rela-
tion to proper cocreation and coevolution at the 
entire quintuple helix framework (Fahimnia et 
al., 2015; Tajbakhsh and Hassini, 2015). This is 
the key literature gap sustained by the afore-
mentioned authors, which was the central moti-
vation for performing this research.  

In order to mitigate the literature gap, this re-
search introduces a convergence of existing (but 
disconnected/isolated) theoretical frameworks 
in the field of LCRSC in order to trigger the emer-
gence of a binding framework capable to drive 
and explain research, policy, and practical devel-
opments in the field of LCRSC. More specifically, 
the proposed model builds upon the work of 
Carayannis et al. (2012), related to the quintuple 
helix (mesosystem) and integrates the ecological 
modernization theory (EMT), the diffusion of in-
novation theory (DIT), the institutional (INT) 
and stakeholder (ST) theories and the complex 
and adaptive systems theory (CAST). The ulti-
mate aim is to provide a comprehensive and 
modern framework for LCRSC implementation 
research, policy, and practice with recommenda-
tions on how to leverage institutional level prac-
tices to stakeholder (quintuple helix level) prac-
tices in order to achieve the true impact of 
LCRSC. This exploration is the first integrated lit-
erature attempt to bridge these five theories in 
order to provide understanding of LCRSC eco-in-
novation adoption and diffusion by showing how 
all existing but clustered/isolated theoretical ad-
vancements can be unified under a common 
framework.  

The remainder of the paper is structured as the 
following: Theoretical background provides an 

overview on the organizational theory back-
ground of this research complemented by the 
findings of a systematic literature review; we 
then look at the proposed theoretical framework 
and its assumptions; the next section presents 
the main research questions derived from the lit-
erature review (and utilized to devise the pro-
posed framework), which stand as basis for the 
primary research; then we present the method-
ology that has been employed to explore the pro-
posed framework; and the final section presents 
the findings and the discussion, before the paper 
ends with concluding remarks. 

 

Theoretical Background  
A pioneering work performed by Ahi and Searcy 
(2013) positions nowadays supply chain man-
agement in the context of its mandatory 
environmental sustainability within the triple 
bottom line with core emphasis on the need for 
(resilience and) responsibility toward the entire 
stakeholders impacted by the supply chain 
(Azevedo et al., 2013; Koh et al., 2013; Zhu and 
Ruth, 2013). The same view is strengthened later 
on by Govindan et al. (2015) which take this 
work further and analyses supply chain man-
agement from the point of view of the lean, 
green, and resilience paradigms and demon-
strate how these three paradigms have a positive 
impact on the involved stakeholders.  

Furthermore, recent studies show that resilience 
is increasingly become related to its impact and 
synergy with mesosystem stakeholders—indus-
try, policy, society, environment (Carayannis et 
al;, 2012; Diabat et al., 2014; Govindan et al, 
2015; Zhu and Ruth, 2013) and that, besides 
resilience, innovation propagation from institu-
tional (local stakeholder) to the entire ecosystem 
becomes the key to ensuring the intended 
environmental outcomes. 

It is thus of core importance that all the research 
on LCRSC is focused along the strands identified 
by the literature and practice. These research 
directions for LCRSC are indeed beneficial, 
however, in order to properly grasp the 
theoretical underpinnings that drive and explain 
advancements in this field, it is critical to identify 

Binder1.pdf   88 2/25/2018   1:47:40 PM



International Journal of Environment and Sustainability, 2018, 7(1): 77-89 79 

 

 Science Target Inc. www.sciencetarget.com 

social science theoretical frameworks (organiza-
tional theories) that explain these events.  

The literature provides a significant number of 
such theories that could be used to explain the 
behaviour of facts (such as LCRSC)—however, 
the most emblematic review of the application of 
such theories in LCRSC was performed by Sarkis 
et al. (2011). According to the author, the 
theoretical contribution of the supply chain 
management is very limited with several tangent 
research strands in operations management (Shi 
et al., 2012) and with most of the remaining 
research residing in the social science areas not 
related to organizational behaviour (Tang, 
2008)—leading to a severe research gap in the 
field of LCRSC. Some of the theories identified by 
Sarkis et al. (2011) as applicable to LCRSC 
research are: complexity theory, ecological 
modernization, information theory, institutional 
theory, resource based view, resource depend-
ency, social network, stakeholder, and trans-
action cost economics. However, the core of the 
literature seems to point toward the use of EMT, 
DIT, CAST, INT, and ST in relation to researching 
LCRSC.  

Firstly, the ecological modernisation theory 
(EMT) underpins a core new ideology toward 
sustaining growth in simultaneous awareness of 

environmental protection and is deemed to be 
the core influencing theoretical fundament of 
this research. The EMT is a core driver for 
industrial and societal growth and the LCRSC 
social ecosystem (which is a quintuple helix eco-
system: industry, research, policy, society, 
environment) which points toward an environ-
mentally sustainable growth with clearly 
perceived benefits. Additionally, the EMT within 
the LCRSC mesosystem is highly influenced by 
the diffusion of innovation theory (DIT)—in 
terms of relying on the DIT to explain how EMT 
induced behavior is being adopted within the 
LCRSC social ecosystem.  

Finally, the LCRSC social ecosystem requires the 
complex (and adaptive) systems theory (CAST) 
to explain how resilience is being achieved. 
However, as the LCRSC social ecosystem is 
integrated within the EMT underpinnings, the 
socioecological reorganization explained by the 
CAST toward achieving resilience, becomes thus, 
highly influenced by the EMT principles. At this 
point, the resilience scale-up from institutional 
level to ecosystem level will be explained 
through the institutional theory (INT) and 
stakeholder theory (ST). Figure 1 displays these 
facts.

 

 

Figure 1: High level overview on the theoretical foundation assumptions 
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Furthermore, one of the core influencing studies 
that combines EMT and DIT (in transition 
economies) was performed by Zhu, Sarkis, and 
Lai (2012) in relation to green supply chain 
management (GSCM) and innovation diffusion in 
an ecological manner for improved organiza-
tional performance. The study adopts and tests 
two core propositions: 

Proposition one: “GSCM innovation adoption can 
be categorized into varying levels of adoption 
among various manufacturers.” 

Proposition two: “Manufacturers with higher 
levels of adopting GSCM [LCRSC] attain better 
performance” (Zhu et al., 2012, p. 173). 

This approach provides, thus, a core opportunity 
to further extend the theoretical contribution 
toward EMT and DIT in the transition region of 
South East Europe (which is the target of this 
research) with the core focus on the LCRSC social 
ecosystem. To the same extent, another key 
series of studies that drive this research reside in 
the highly cited work of Folke et al. (2010) and 
Walker et al. (2006) which combine CAST with 
EMT in order to explain DIT and reason how 
crises (such as disruptions) could serve as 
opportunities to innovate in an environmentally 
sustainable manner:  

“Transformational change at smaller scales 
enables resilience at larger scales. The capacity to 
transform at smaller scales draws on resilience 
from multiple scales, making use of crises as 
windows of opportunity for novelty and inno-
vation, and recombining sources of experience and 
knowledge to navigate social–ecological transi-
tions.” (Folke et al., 2010). 

Taking this CAST-based transformation from 
institutional level to larger scales (ecosystem) 
will be performed through know-how and 
theoretical direction infused by the INT and ST. 
Generally, ST and INT deal with how individual 
institutions react at stakeholder’s exogenous 
pressures and this is why these theories become 
critical at this point toward informing on how 
such drivers/pressures lead to the scale-up of 
institutional transformation (Hirsch, 1975; 
Sarkis et al., 2011). These aspects are discussed 
in a practical approach by (Dubey et al., 2015; 
Govindan et al., 2015).  

Finally, the work of Carayannis, Barth, and 
Campbell (2012) has relevance toward under-
standing the behaviour of LCRSC frameworks by 
integrating EMT and DIT, INT, and ST into a 
properly explained CAST based ecosystem 
where knowledge (innovation), practice, society, 
policy, and the environment (the quintuple 
helix) are the key decision making factors and 
drivers of theoretical advancements:  

“The Quintuple Helix finally frames knowledge 
and innovation in the context of the environment 
(natural environments). Therefore, the Quintuple 
Helix can be interpreted as an approach in line 
with sustainable development and social ecology. 
“Eco-innovation” and “eco-entrepreneurship” 
should be processed in such a broader under-
standing of knowledge and innovation” (Carayan-
nis and Campbell, 2010; Carayannis et al., 2012). 

 

The Proposed Theoretical Framework  
In order to address the previously mentioned 
gaps/challenges, this research introduces a con-
vergence of existing (but disconnected/isolated) 
theoretical frameworks in the field of LCRSC in 
order to trigger the emergence of a binding ap-
proach capable to drive and explain research and 
practical developments in the field of LCRSC. 
More specifically, the proposed model builds 
upon the work of Carayannis, Barth, and Camp-
bell, (2012) related to the quintuple helix 
(mesosystem) and integrates the ecological 
modernization theory (EMT), the diffusion of in-
novation theory (DIT), the institutional (INT) 
and stakeholder (ST) theories, and the complex 
and adaptive systems theory (CAST) in order to 
provide a comprehensive and modern frame-
work for LCRSC research and practice. The core 
ideology of integrating the five theories resides 
in ensuring a balanced leverage of practices from 
institutional level to mesosystem/stakeholder 
level toward LCRSC implementation and diffu-
sion.  

In order to explain the integration and LCRSC 
practice adoption at the ecosystem level, the fol-
lowing theoretical foundations and hypotheses 
are used:  
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Figure 2: The proposed converged framework for LCRSC 

 

- The ecological modernization theory (EMT) 
underpins a core new ideology toward sus-
taining LCRSC eco-innovation and growth in 
simultaneous awareness of environmental 
considerations. 

- The environment (ecosystem), through the 
EMT, imposes ecological modernization (ide-
ology, discourse, technological adjustment 
and strategic management) throughout all its 
subsystems (thus throughout the quintuple 
helix mesosystem and the LCRSC microsys-
tem) 

- The environment also generates environmen-
tal risks and vulnerabilities that cause disrup-
tions that impact directly on the LCRSC mi-
crosystem, which, in order to preserve itself, 
leverages economic and business-oriented 
goals, propagating the disruption damages to 
the outer system (quintuple helix mesosys-
tem) and finally to the environmental ecosys-
tem by causing severe environmental damage 
(this is the current status as identified 
through the systematic review). 

- The LCRSC microsystem is CAST based (due 
to the resilience element—a system in con-
stant need for adaptation) and must empha-
size the following core elements: adaptability, 
flexibility, capacity to foster resilience, and 
well-defined key controlled processes at the 
(supply chain) microsystem level.  

- During a disruption, the LCRSC microsystem 
will eco-innovate (driven by the EMT) and 
based on the well-defined key controlled pro-
cesses, a low carbon resilience strategy will 
emerge.  

- However, in the best case, this low carbon re-
silience strategy will be implemented at the 
institutional (as explained by the INT and ST) 
or LCRSC microsystem level without any di-
rect impact measurement and implementa-
tion oversight at the wider quintuple helix 
mesosystem level which has wider implica-
tions for the environment. 

- To this end, based on the CAST and DIT hy-
potheses, the propagation of the low carbon 
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resilience strategy and the necessary quintu-
ple helix cocreation processes should be de-
vised in order to leverage the impact of the 
green resilience strategy from microsystem 
to mesosystem, and finally to the ecosystem.  

- Thus, the DIT explains the propagation of eco-
innovations from institutions to meso and 
ecosystem inducing thus change at the 
mesosystem/stakeholder level (ST) which 
will later on put more exogenous pressure to 
institutions (INT) to induce further moderni-
zation (cycle).  

- In this manner, green resilience propagation 
is not isolated in a remote microsystem loca-
tion of the environment and it will impact and 
induce modernization and transformation 
throughout all social systems (especially 
throughout the quintuple helix mesosystem) 
by relying on EMT, CAST, DIT, INT, and ST. A 
depiction is also provided in Figure 2. 

 

Research Questions 
In order to support the proposed framework, 
based on the outcomes of the systematic 
literature review, the following research ques-
tions have been devised as key guidance for the 
primary data collection. These research ques-
tions have been obtained by converging the 
overlaping inquiries from each of the five 
theories in order to support the integrated 
framework:  

Research question 1: Bottom-up: How can local 
level institutional EMT driven eco-innovations 
(either transformative or disruptive) diffuse 
faster under the DIT behaviour and scale-up (as 
explained by ST and INT) across the LCRSC CAST 
driven microsystem panarchy during crises 
toward enabling resilience? (Dubey et al., 2015; 
Govindan et al., 2015; Ivanaj et al., 2015) 

Research question 2: Top-down: How can the 
modernized ecosystem level (explained by the 
ST) generate eco-innovation exogenous pres-
sures on the individual institutions (explained by 
INT) in an international ecosystem and what are 
the institutional level responses to such induced 
EMT driven modernization? (Zhu and Geng, 
2013) 

Research question 3: Transversal: What are the 
local level institutional controlled processes 
(KPIs) of the CAST driven LCRSC microsystem 
and how do these institutional controlled 
processes integrate and co-evolve (INT, ST) with 
the ones of other quintuple helix stakeholders in 
order to enable cocreation and fast eco-inno-
vation adoption (EMT, DIT) toward ensuring 
LCRSC at the quintuple helix mesosystem-level? 
(Ahi and Searcy, 2015a; Ahi and Searcy, 2015b; 
Baumgartner et al., 2015; Varsei et al., 2014) 

 

Methodology  
The chosen methodology consists of a three 
stage mixed-method approach that responds to 
the methodological gaps in the area of LCRSC. 
Firstly, there is a need for mixed methods 
research in LCRSC (Chouwdhury and Hossan, 
2014; Dubey et al., 2015; Faisal, 2016); secondly, 
there is a need of mixed methods research in 
relation to analysing resiliency performance in 
supply chains with tangency to LCRSC 
(Hohenstein et al., 2015; Qazi et al., 2015); 
thirdly, the literature claims the need for the 
development of frameworks that make use of 
quantitative based modelling and decision 
support in LCRSC (Heckmann et al., 2015; 
Tattichi et al., 2013); and finally, the related 
literature stipulates the need of mixed methods 
when analysing systems that include environ-
ment, society, and cross-system innovation/ 
practice diffusion—quintuple helix (Soosay and 
Hyland, 2015). 

In this context, the following methodology is 
being adopted by this research:  

Stage one: Qualitative exploratory interviews at 
the institutional level (N=6, one in each different 
country from SEE chosen as key representative 
ones for SEE) to consolidate the scarce literature 
findings (from SEE) and to enable a more 
targeted approach for stage two. Telephone 
interviews (45–50 minutes) have been under-
taken with an expert sample (key representative 
manufacturers, transporters and suppy chain 
companies) from six different countries from the 
SEE (Romania, Bulgaria, Greece, Slovenia, 
FYROM, Serbia). The interview questions have 
been tailored around the primary research 
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questions defined in section four. The following 
questions have been discussed: Overview on 
your company; What bad weather conditions 
have the road freight transportation vehicles en-
countered and what problems has the company 
encountered; What resilience strategies did the 
company employ and whether there was any 
consideration about environmental impact dur-
ing those strategies; What key performance indi-
cators are being monitored for measuring busi-
ness success; What are the general green prac-
tices and technologies that the company em-
ploys; What are the readiness and intentions to 
be environmentally sustainable and to utilize 
technology for achieving LCRSC during disrup-
tions; How does the company interact with the 
social stakeholders (i.e. government, society, en-
vironmental organizations, innovators). Induc-
tive content analysis following the guide of 
Thomas (2006) has been applied in order to 
analyze the transcribed data. The main goal of 
this stage is to understand how the researched 
concepts pertain at the institutional level (with 
certain implications to the quintuple helix level).  

Stage two: Qualitative (exploratory) and quan-
titative (confirmatory) semi-structured survey 
composed of closed and open ended questions 
(addressed to random manufacturers, trans-
porters, suppy chain companies retrieved from 
chambers of commerce) across the six SEE 
countries (valid N=311 – corresponding to a 
response rate of 27%) at the institutional level. 
The main survey areas were focused on testing 
and exploring: LCRSC practices and their 
implementation status, drivers and barriers to 
LCRSC implementation, KPIs used to monitor 
LCRSC and willingness to implement LCRSC. The 
closed-ended/measurement questions have 
been devised as Likert Scales. Statistical analysis 
(SPSS) has been applied (descriptives, corelation 
tests and ANOVA) in order to analyze the coded 
data (with reliability and validity coefficient 
denoting moderate relevance of the findings—
considering the revealed limited know-how of 
the responents over the questioned items).  

Stage three –Exploratory and confirmatory 
qualitative focus groups (N=3) to provide more 
insight into stage two in Greece only (toward 
enabling context specific findings) and to 
leverage the institutional level findings to a 

stakeholder/quintuple helix mesosystem level. 
The time-span among the three focus groups had 
as main rationale (besides fulfilling the research 
objectives) to understand whether quintuple 
helix cocreation is being triggered or enhanced 
via these efforts. Greece is a highly suitable 
context for researching institutions and meso-
systems especially due to the long-lasting 
reforms and changes triggered by economic 
reforms and years of recession. The three focus 
groups had as elements of debate similar items 
as stage two, however, the main goal was to 
understand how those concepts pertain at the 
quintuple helix level. The focus groups were 
attended (each) by key (five to seven) experts 
from all quintuple helix sectors from Greece: 
policy makers (regional/local authorities), 
industry and professional associations repre-
sentatives, societal organizations, researchers/ 
innovators, etc.  

 

Findings and Discussion  
The findings emerged after the three methodo-
logical stages provided good incentives to 
extend, first of all, the academic literature in this 
related field (within the quintuple helix 
mesosystem from Southeast Europe with focus 
on Greece). The overall consensus that emerged 
is that LCRSC during weather-induced disrup-
tions can be indeed achieved only through 
cocreation and goal alignment at the quintuple 
helix mesosystem level (as such disruptions 
affect the entire quintuple helix mesosystem, not 
only the supply chains). The following findings 
are derived from the primary data collection and 
then discussed critically with the existing 
literature.  

Outcomes for research question 1 and re-
search question 3:  

Stage one reveals unilaterally the need for “[…] 
quintuple helix cocreation as a core enabler” of 
EMT driven eco-innovation diffusion and scale-
up (DIT) across the CAST based panarchy/ 
microsystem and thus this informs the literature 
which sustains research question 1. From the 
data collected, the following factors are key 
enablers of such behaviour: “mutual support […] 
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and standardisation of practices/policies”; “trans-
parency of operations”; “technology usage”; 
“better regional planning […]“; “[…] enhanced 
transportation infrastructure”, however very few 
of these enablers are inner LCRSC practices (that 
would trigger cocreation) as initially suggested 
by Bahadur and Doczi (2016) and Dubey et al. 
(2015).  

Stage two did not focus particularly on this 
aspect, however, the impacting factor revealed 
through this stage resides in the use of 
technology as a key enabler of fast LCRSC 
adoption and diffusion (N=311, Average: 4.10 
out of 5 Likert Scale). 

Stage three (focus groups part, N=3), though, 
reveals the critical importance of cocreation 
toward ensuring faster diffusion of eco-
innovations from the institutional level to the 
mesosystem level and this is achieved through: “ 
[…] focusing on the smart specialization pillars of 
Greece” – which are based on eco-innovation and 
technology (Ketikidis et al., 2013)—being this in 
line with the EMT, DIT, and CAST; or “[…] 
aligning the incentives, goals and KPIs” – aspect 
also highlighted by (Bahadur and Doczi, 2016; 
Bhattacharya et al., 2014); or “mimetic trans-
formation […] for competitive advantage 
purposes” appears to play a critical role in the 
specific mesosystem’s context (the greater the 
competition, the greater the transformation/ 
diffusion)—aspect also in line with (Govindan et 
al., 2015; Tian et al., 2014; Zhu et al., 2012). As 
well, “disruptive transformation is […] preferred” 
was of the innovators’ claims during the focus 
groups, however, industry and government were 
very reluctant to disruptive eco-innovations in 
the current quintuple helix mesosystem context 
of Greece and argued for transformative inno-
vation as a more financially secured method for 
enabling LCRSC. This aspect is also in line with 
the literature in regards to the financial aspect 
involved by such investments (Govindan et al., 
2015) as well as with stage one (i.e. “[…] our main 
barrier is cost rather than flexibility and 
willingness to try such practices”) and stage two 
findings (where the cost aspects were rated as 
highly problematic—the “Too big investment” 
item has been rated 4.00/5, N=311).  

Finally, the institutionally controlled processes 
(KPIs) are subjected to the findings mentioned 
above. Still, all three stages converge on the role 
of cocreation to answer research question 1 
supporting thus the work and claims of (Hsu et 
al., 2013; Ivanaj et al., 2015) in relation to 
cocreation, collaboration, and comodernization. 

Outcomes for research question 2:  

The results show that more institutions have 
inner transformational desire toward incor-
porating eco-innovations in order to adapt to 
global standards/trends (i.e. “[…] I am always in 
seek for new such eco-innovations to be ahead of 
competition and in trend with societal demands”. 
Such outcomes are in high coherence with the 
literature (Bahadur and Doczi, 2016; Dubey et 
al., 2015; Govindan et al., 2015; Zhu et al., 2012). 
This is also quantitatively confirmed by stage 
two where, for example, a specific part of the 
survey targeted to test the adoption level of eco-
innovations under three main behavioural 
variables (behavioural intention to adopt eco-
innovations (BI), perceived usefulness of eco-
innovations (PU), and perceived ease of use of 
eco-innovations (PEU). More specifically, 
whether the respondents declare a high PU 
(4.00/5) of LCRSC eco-innovations, the PEU of 
such eco-innovations is considerably low 
(2.38/5). The PEU is linked to the limited 
information and knowledge on this topic 
discussed also by (Govindan et al., 2015). Still the 
BI element (which is the core measurement of 
the willingness to adopt eco-innovations and 
thus support the DIT statements) is moderately 
high (3.53/5). Stage one is not related to 
informing these findings.  

These institutions will perform partnerships/ 
cocreate only with institutions with similar 
values, thus, inducing a transformational change 
in other institutions (peer-pressure to adhere to 
eco-innovations)—aspects which are in line with 
the literature on coercive adoption of EMT 
driven eco-innovations under the DIT assump-
tions (Chakrabarty and Wang, 2013; Govindan et 
al., 2015; Ivanaj et al., 2015). Stage two, though, 
does not add validity to these findings as the 
instruments that measured (N=311) the require-
ments in terms of environmental/social sustain-
ability of stakeholders scored very low, such as:  
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“Request of overall environmental practice 
incorporation” (2.07 out of 5), “Implementation 
of Environmental Management Systems” (2.05 
out of 5), “Interest in green supply chain 
management” (2.15 out of 5), “Provision of inter-
partner training” (2.14 out of 5), “Request of 
environmental compliance info” (2.09 out of 5), 
and “Provision of detailed environmental 
specification” (2.04 out of 5). Even more, besides 
being in contradiction with stage three (focus 
groups) as well as in partial contradiction with 
stage one and stage two, confirm the vision/ 
goals in terms of prosperous LCRSC implementa-
tion and reveal the limited implementation of 
such practices at the moment in SEE and Greece.  

Furthermore, the results show that the KPI/ 
controlled process alignment during disruptions 
(toward enabling LCRSC through eco-innova-
tions) will be done following the axes of the 
smart specialization strategy as well as localized 
inter-institutional cocreations (as showed in the 
discussion for research questions 1 and 3)—
thus, extending the CAST based knowledge 
under the Greek mesosystem. Stage one and 
stage two do not impact on this item.  

Still, due to the high complexity of inter-institu-
tional cocreations, especially in LCRSC, this peer-
pressure will expand covering a wide area of the 
mesosystem taking thus all the localized inter-
institutional cocreations at a homogenous meso-
system level—widely confirming the previous 
literature on this topic (Gobbo et al., 2014; Tian 
et al., 2014; Zhu et al., 2012). Stage one and stage 
two do not impact on this item. 

This expansion leads to a mesosystem/ stake-
holder block which will tacitly induce exogenous 
pressures to any new individual institution that 
aims to join this network/chain. Such aspects are 
in line with the previously identified literature in 
relation to the mesosystem induced coercive 
adoption of institutional practices (paving thus 
the link between INT, ST, EMT and DIT) – as well 
as the adoption of practices under normative 
compliance (Govindan et al., 2015). These find-
ings are briefly sustained by stage one as well as 
largely confirmed by stage two (N=311) under 
the framework of assessing the drivers of the 
implementation of eco-innovations imposed by 
the mesosytem level.  

Finally, even in this peer-normalized meso-
system, there still is a drive to be more competi-
tive (for institutional level survival) and to this 
end, individual institutions will continue to eco-
innovate and induce peer transformational 
pressure that will become mesosystem/ stake-
holder wide and will generate exogenous 
pressures on new chain entrants as also pro-
posed by the literature—either as a coercive 
pressure to eco-modernize or simply as an inner 
desire to innovate (Bahadur and Doczi, 2016; 
Dubey et al., 2015) confirming thus the EMT and 
DIT assumptions within the INT-ST induced 
framework. Stage two strongly confirms this 
aspect.  

 

Implications 

The findings emerged after the three methodo-
logical stages provide good incentives to extend 
the academic literature in this related field 
(within the quintuple helix mesosystem from 
Southeast Europe). The overall consensus that 
emerged is that LCRSC during weather-induced 
disruptions can be indeed achieved only through 
cocreation and goal alignment at the quintuple 
helix mesosystem level (as such disruptions af-
fect the entire quintuple helix mesosystem, not 
only the supply chains). Secondly, this research 
provides industry with a quintuple helix frame-
work for the implementation of LCRSC by reveal-
ing SEE level explorations (with an ultimate fo-
cus on Greece) of: LCRSC practices that can be 
used, drivers, barriers, and guidelines for the use 
of modelling and simulation tools (all these for 
confirmed weather-induced disruptions). This 
will ensure proper standard compliance, pub-
lic/environmental acceptance, and financial effi-
ciency. Thirdly, through the focus groups (target-
ing Greece), quintuple helix cocreations have 
been triggered, enabling a better mutual under-
standing and goal alignment—in full coherence 
with the policy-makers’ visions (ensuring thus 
that policy makers can also have a more targeted 
area for devising suitable policies and allocating 
resources—primarily centered around the 
smart specialization areas). Finally, societal/ en-
vironmental organizations will be integrated 
more in the quintuple helix decision making (es-
pecially following industry’s requests) leading to 
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an enhanced quality of life, fewer environmental 
damages, and a long-term motivated and actively 
involved society that will cocreate their environ-
mentally sustainable surroundings. 

 

Limitations and Further Research  
The main limitations of this research consist, 
first of all, of the flexible rigorousness regarding 
the triangulation process (which is pertinent to 
most research in this area) in the sense that full 
triangulation implies the implementation of fully 
integral and separate investigations which are 
then compared (Dubey et al., 2015; Faisal, 
2016;). However, the current research used the 
mixed-method approach to compensate the 
limited research in this area by adopting a widely 
exploratory strategy (with partial quantitative 
and qualitative confirmations). Secondly, expert 
sampling in stage one and stage three is 
pertinent to a certain bias and isolated clustering 
of the research findings. Thirdly, the qualitative 
analysis part in stage one and stage three 
(following inductive content analysis) is highly 
biased on the transcript interpretation capacity 
of the primary researcher and may also have led 
to certain inaccuracies (Heckmann et al., 2015; 
Qazi et al., 2015). Furthermore, the overall 
assumptions of the proposed theoretical frame-
work are high level and have been developed 
widely through an exploratory strategy with 
very limited confirmation. Still, the findings of 
stage two confirm core parts that overcome 
these limitations. Finally, regardless of the 
confirmatory nature of stage two and of the 
second part of stage three, the findings may be 
subjected to validity claims due to the lack of 
information/knowledge on these concepts by 
the targeted sample. Overall, these limitations 
have been mitigated through the partial 
triangulation and through the representative 
nature of the expert samples.  

In this context, further research required to 
extend and further investigate the findings of 
this research could comprise of the replication of 
the methodology utilized by this research on 
other (or similar) quintuple helix mesosystems 
in order to cross-validate the findings and build 
up scientific value for this approach at a higher 
granularity level. Similarly, further research can 

provide an answer for the remaining problem-
atic gaps in the field of EMT, DIT, CAST, DIT, INT, 
and ST such as: differentiation between strong 
and weak EMT and its impact on dematerializa-
tion vs. supramaterialization in a circular econ-
omy context, the role of the environmental flows 
ideology, the role of localized interactions, and 
the role of panarchy governance.  

 

Conclusion  
Low carbon and resilient supply chains (LCRSC) 
are becoming the driving force of economic 
growth with tremendously increased (cross-sec-
toral and cross-cultural actor induced) pressures 
that demand innovative approaches for multi-
stakeholder inclusion in LCRSC decision making. 
In this context, this paper investigated the Amer-
ican-based QHM model for LCRSC in South East 
Europe (SEE) in order to respond to the follow-
ing research gap: LCRSC has often been studied 
in an unilateral manner through various theo-
retical frameworks such as the ecological 
modernisation theory (EMT), diffusion of 
innovation theory (DIT), complex and adaptive 
systems theory (CAST), and finally, institutional 
and stakeholders theory (INT and ST). However 
in a complex environment with increased socie-
tal pressure, there is a high need to provide a 
more integrative approach to LCRSC research, 
practice, and policy with the focus set on the 
stakeholder level rather than institutional level 
(and on how institutional level LCRSC practices 
can be leveraged to the stakeholder level). To 
this end, this paper proposed a framework that 
builds upon the convergence of the aforemen-
tioned theories toward proposing a better path 
to LCRSC implementation under the quintuple 
helix concept (where the stakeholders/shaping-
forces of LCRSC reside). For this, a three-stage 
mixed-method approach has been adopted at the 
South East European level (six interviews, 
quantitative surveys (n=311), three focus 
groups, and modelling and simulation). Overall, 
this research provides a novel insight into 
converging EMT, DIT, CAST, INT, and ST toward 
explaining how LCRSC can be leveraged from the 
institutional to stakeholder level (in SEE with the 
main focus on Greece). The key message that has 
been revealed is that quintuple helix cocreation, 
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goal and KPI alignment of all stakeholders, and 
the capacity to transform (eco-modernize) of 
institutions are the key enablers of fast eco-
innovation (LCRSC) diffusion and implementa-
tion. 
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Abstract. A large proportion of electricity in the UAE is consumed in meeting air 
conditioning cooling demands in buildings where up to 80% of a buildings total 
electricity demand is for cooling. With projected climate changes in the UAE pre-
dicting an increase in annual mean temperature of 2.8°C and minimal reductions 
in relative humidity and global solar radiation by 2050, cooling energy demands 
are set to increase. This paper reports on a study of how the climatic drivers of 
cooling energy demand change under a “business-as-usual” scenario of climate 
change. As annual energy demand for cooling per unit treated area varies across 
building types, a range of typical UAE commercial and residential buildings are 
simulated under generated annual hourly projected climate change weather da-
tasets of 2020, 2050, and 2080. The results show an increase in cooling demand 
of 22.2% by 2050 and 40.0% by 2080 and a shift in the sources of these heat 
gains. The comparative effect of climate changes on the fundamental heat gain 
paths are examined and discussed to identify the most effective solutions for im-
proving energy performance resilience to future climate change in the UAE. 
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Introduction 
The climate of the UAE presents significant chal-
lenges for achieving low levels of energy demand 
in buildings due to the high air temperatures 
combined with regular high levels of solar 
radiation and humidity. Throughout the year, 
outdoor air temperature is above 25°C for 75% 
of the typical working hours, relative humidity 
above 60% for more than 20%, and solar radia-
tion above 893 W/m2 (i.e. typical level on a clear-
sky day) for more than 15%, meaning that 
mechanical cooling by air conditioning is re-
quired to maintain indoor comfort levels for the 
majority of the year.  

The nation’s sustained rapid growth over the 
past 20 years has resulted in a large and growing 
building stock representative of modern high-
density, high-rise, architectural design. As the 
shift in mainstream design, toward more local 
architectural aesthetics and green building cre-
dentials, is comparatively recent, much of the 

existing building stock do not have features that 
purposefully minimize the negative effects of the 
extreme climate.  

Considering the recent prioritization of sustain-
able development and green buildings in the 
UAE, along with projected changes in the local 
climate, it is appropriate to evaluate how climate 
change will affect cooling energy demand in 
existing buildings. This will help identify the 
generic type of retrofit solutions that will both 
enhance the resilience of buildings to future 
climate changes and reduce current cooling 
energy demands. This study investigates the 
impact climate changes will have on the generic 
drivers, i.e. solar gain; conduction gain and heat 
gain from air exchange, of cooling energy 
demand in a typical floor of a high-rise office 
building in the UAE.
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Background 

Studies from many different climates report 
increasing cooling energy demands in mechani-
cally conditioned buildings or increased risk of 
overheating in free running buildings by 2050. 
Under the hot arid climate of the UAE, a study of 
impacts due to projected climate change by 
Radhi (2009) reports predicted increase in air 
conditioning demand (cooling and fans) in 
typical residential villas of approximately 10% 
to 35% by 2050, depending on the future CO2 
emissions scenario considered.  

Studies of impacts on future energy demands 
have high uncertainty arising from uncertainties 
in methods of projecting future climate condi-
tions, specifying properties of building fabrics 
and energy systems and accounting for changes 
in operational behavior, particularly in terms of 
future internal heat gains from equipment (Li et 
al., 2012). Future hourly weather data for use in 
simulations of future building energy demands 
are generated from pojections of future climates, 
which are provided by the various global 
circulation models (GCM) developed by a 
number of climate research institutions around 
the world. Outputs from these various GCM’s 
represent a number of scenarios of growth and 
change of the sociotechnical energy system, 
global carbon cycles, and other factors consid-
ered to influence the global energy balance. This 
means there are a wide range of projected future 
weather conditions for the locations modeled. 
Not only does this wide range of future scenarios 
create uncertainty of which scenario will unfold 
but is compounded by the process of translating 
the effects of these into hourly weather data that 
can be used in dynamic thermal simulations of 
buildings. Such uncertainties have been the focus 
of a number of studies utilising probabilistic 
methods to increase certainty (Jenkins et al., 
2011; Kershaw et al., 2011; Wan et al., 2011). 
However, whilst being highly uncertain, trans-
lated future annual hourly weather datasets 
remain one of the only ways of investigating 
what adaptations are likely to be needed in the 
future to address rising cooling demands. 

A number of studies in hot arid climates (Delfani 
et al., 2010; Radhi, 2009; Radhi et al., 2013) 

identify additional insulation and increased ther-
mal mass as retrofit options that substantially 
reduce rising cooling energy demand. Tian and 
de Wilde (2011) highlight implications for chiller 
sizing, noting that chiller size should be specified 
separately for current weather conditions and 
future weather conditions. This indicates that in 
some cases, cooling plants sized under current 
weather conditions may not meet cooling 
demands in future weather years.  

In contrast to similar studies reported in the 
literature, this study primarily seeks to evaluate 
the impact of climate changes on the factors 
directly affecting the dynamic heat balance, and 
thus cooling demand, of buildings in the region.  

 

Methodology 
Approach 
Dynamic thermal simulation of a typical air con-
ditioned office floor in a recently built high-rise 
office tower was used to estimate the impact of 
projected climate changes and some retrofit 
energy effiicnecy technologies on annual cooling 
energy demand and its associated drivers. The 
typical office floor modeled is from a recent high-
rise office development with a moderate window 
to wall ratio (38%), representing average char-
acteristics of high-rise office towers in Dubai. 

The basecase model was constructed in IES-VE 
and simulated under a standard annual hourly 
EnergyPlus Weather (EPW) dataset for Abu 
Dhabi airport. The selection of a weather dataset 
for Abu Dhabi airport is due to this location 
having both an established hourly weather 
dataset used for building energy simulations 
(IWEC, 2001) and of a suitable format to insert 
projections of future hourly climate changes 
from runs of a General Circulation Model (GCM). 
Simulation results from the basecase were 
compared to those of future annual weather 
datasets for 2020, 2050, and 2080. For each of 
these future years, the energy balance of the 
building was analyzed to identify both the key 
drivers of change in cooling demand and types of 
technologies that would offset increases in these 
demands. 
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Basecase Model 

The basecase model consisted of a square floor 
plan with a central service core of lifts and 
washrooms. The cooling system was modelled as 
a constant volume air conditioning system with 
open-top unlimited cooling capacity to ensure 
the setpoint temperature was achieved in each 
period simulated.  

Basecase model specification: 

Dubai high-rise commercial tower 

- mid-floor (33rd floor) square open plan office 
with central services core 

- standard internal heat gains 
- 8.0 l/s per person fresh air 
- typical element constructions, external walls 

U = 0.38 W/m2K, adiabatic roof and floor 
- 38% glazing, U = 1.8 W/m2K, solar transmis-

sion 0.28 
- airtightness 0.25 ach (good performance 

airtightness) 
- no overshadowing 
- no external shading devices or window re-

cesses  
- indoor setpoint of 24°C with 10 hour daily 

operation (08:00–18:00) 
- dehumidification control setpoint of 60%, no 

humidification 

Although high-rise office buildings in Dubai 
commonly include substantial floor areas for 
other functions such as commercial space, 
multistorey car parking, plant rooms and swim-
ming pools, etc., these were not included in the 
model. This was done to minimize the range of 
possible factors influencing cooling demand 
under changing climate conditions thereby 
making causal relationships more apparent. In 
this way, the results and discussion can be 
considered as being generalizable for open plan 
spaces in any UAE building. 

Future Weather Datasets for Simulation 

The study centers around simulations for a 
single set of future weather conditions for 2020, 
2050, and 2080 under the A.2 SRES climate 
change scenario. The two main sources of pro-
jected annual hourly weather data for future 
years are those generated by General Circulation 
Models (GCM) and those by Regional Climate 

Models (RCM). Whilst RCM data is considered to 
be the most accurate, these were only available 
for a limited number of specific locations around 
the world, e.g. major cities in the UK, but not for 
any location in the UAE. However, a tool, called 
CCWorldWeatherGen, developed by the Univer-
sity of Southampton and University of Malaya 
(Jentsch et al., 2013), was used to generate suit-
able future hourly weather data for the simula-
tions. Generating such future weather datasets 
involves morphing typical current annual weath-
er data of a location that has appropriate and 
established typical weather year data, such as 
Abu Dhabi, with projections of climate changes 
for the location from a GCM such as the Hadley 
Centre’s HadCM3. The futures scenario repre-
sented by the HadCM3 projections is the A2 
scenario known as the “business as usual” sce-
nario of sustained moderate to high CO2 emis-
sions.  

Whilst such EPW–GCM morphed weather data 
has significant uncertainties and limitations, it is 
considered to be an appropriate “practical 
approach to deriving weather files suitable for 
climate change impact assessment in the built 
environment” (Jentsch et al., 2013). However, it 
is important to note that morphed projections of 
future weather can be considered to include 
marginal overestimates of some weather para-
meters (Jentsch et al., 2008). Although further 
work on RCM datasets for the UAE and GCC 
region in general is needed to determine the 
extent of such uncertainties, the datasets gener-
ated for this study remain the only available UAE 
future weather years for use in building dynamic 
thermal simulation tools. 

The generated hourly weather datasets gener-
ally show increasing external air temperature 
(Text), decreasing relative humidity (RHext), and 
marginally decreasing global solar radiation (Ig). 
The extent and implications of these climate 
changes can be understood further by consider-
ing the rise in annual mean temperature, from 
27.14°C currently to 31.86°C in 2080, and the 
resultant changes in the proportion of annual 
working hours where external conditions exceed 
typical threshold levels for cooling demand in 
the UAE (see Table 1). 
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Table 1 

Climate characteristics, Abu Dhabi Airport 

Year Proportion of working 
hours Text > 24.0°C 

Annual mean 
temperature °C 

Proportion of working 
hours RHext >60 % 

Proportion of working 
hours Ig > 893.0 W/m2 

Current 75% 27.14 20% 15.8% 
2020 79% 28.56 18% 15.7% 
2050 86% 29.94 17% 15.1% 
2080 92% 31.86 16% 14.6% 

Note: Ig = 893.0 W/m2 is the amount of solar radiation under average clear sky conditions 
 

Table 2 

Basecase annual cooling and dehumidification 
demand intensity 

Year Annual cooling + 
dehumidification 
demand (kWh/m2.yr) 

Change 
compared to 
current weather 
year (%) 

Current 149.6 - 
2020 165.8 +10.8 
2050 182.8 +22.2 
2080 209.3 +40.0 

 

The much greater increase in temperature 
conditions compared to small reductions in 
relative humidity and solar radiation indicate 
that changes in cooling energy demands will be 
predominantly driven by outdoor temperature. 

 

Results and Discussion 
The main interest when considering the impacts 
of climate change on energy demand in buildings 
is how much this changes under projected future 
weather conditions. However, assessing the 
relative influence of current building design 
characteristics on these changes can help 
identify appropriate strategies for adaptation 
and improvement of resilience. To identify which 
design features are the main sources of future 
changes in cooling demands, we analyzed the 
results from simulations in terms of heat gain 
sources and paths for the modeled basecase 
building. 

Future Cooling Demands 

Results from the simulations show that cooling 
energy demand, including that for dehumid-
ifcation, increases steadily under projected clim-
ate changes in the UAE (see Table 2). The rate of 
this increase generally remains uniform with a 
doubling of the scale of increase across each 30-
year period from 2020 to 2050 and 2050 to 
2080. This reflects the case that the basecase 
building design provides no thermal capacity to 
absorb increases in heat gains. 

One of the primary heat gains from the current 
climate are solar gains which are generally a 
factor of 10 times greater than those due to 
conduction and inflitration (see Table 3). How-
ever, solar gains are not the main driver of 
increasing cooling demand across future years. 
In future years, projected solar gains effectively 
remain constant (Table 3), whereas heat gains 
due to rising air temperature, as evidenced by 
changes in external conduction gain, infiltration 
gain and demand for cooling of incoming fresh 
air for ventilation, i.e. air system input, all 
increase. This highlights that introducing tech-
nologies that reduce solar gain will have a 
constant impact on the change in cooling de-
mands across future years but thereby the 
proportion of overall demand this represents 
will reduce. The reduction in cooling demand 
provided by technologies that address conduc-
tion across the external envelope, i.e. insulation 
and airtightness technologies, will increase as 
the climate changes (Table 3). Similarly technol-
ogies that reduce the cooling load for condition-
ing incoming fresh air, such as crossover heat 
recovery units, can be expected to continue 
providing significant offsetting of increases due 
to rising outdoor air temperatures (Table 3).  
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Table 3 

Basecase heat gains  

Year External 
conduction gain 
(MWh/yr) 

Infiltration 
gain 
(MWh/yr) 

Total air system input 
/ Ratio sensible:latent 
(MWh/yr) 

Solar gain 
(MWh/yr) 

Internal 
gains 
(MWh/yr) 

Cooling + dehumidi-
fication demand 
(MWh/yr) 

Current 3.0 3.6 31.6 / 2:1 30.6 80.0 172.9 
2020 4.0 6.1 40.5 / 2:1 30.7 80.0 191.7 
2050 4.9 8.5 50.6 / 1.3:1 30.6 80.0 211.3 
2080 6.3 11.8 67.0 / 1:1 30.5 80.0 242.0 

Note: Internal gains include those due to people, lighting, and equipment. Air system input includes both sensible and latent 
demands of conditioning incoming fresh air to 20°C. 
 

 
Figure 1: Conduction gains 

 

The potential savings in cooling demand 
provided by such heat recovery options can be 
expected to reduce if the technologies only 
provide sensible heat recovery, as indicated by 
the falling ratio of sansible:latent total air system 
input as shown in Table 3. 

Reducing solar gain can be achieved in three 
ways: introducing shading, reducing the solar 
gain properties of glazing, and reducing the area 
of glazing. This latter approach of reducing the 
glazing area has the added benefit of reducing 
conductive heat gain due to high external tem-
peratures. However, as shown in Figure 1, 
glazing is less resilient to future increases in 
external temperature than external walls. The 
rising rate of increase in conductive heat gain 
through glazing compared to that of external 
walls is simply due to the higher thermal 
conductivity of glazing compared to that of 

external walls, i.e. U-values of 1.89 W/m2K and 
0.35 W/m2K respectively. Whilst it can be seen 
that reducing the amount of glazing area will 
help reduce the scale of conductive gain, this 
would have a significant impact on the daylight 
and view characteristics of internal spaces. 

Further increases in heat gain are due to infiltra-
tion where increasing ambient air temperature 
increases the amount of heat gain due to ingress 
of hot air through cracks and small openings in 
the envelope. Although the increase in this is 
greater than that of combined conduction heat 
gains through glazing and external walls (see 
Table 4), the assumed existing high airtightness 
of the building, i.e. 0.25 ach at normal pressures, 
mean that there are very limited practical ways 
in which to reduce this further. The significant 
increase in infilitration gains over future years 
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illustrates the value of addressing airtightness 
during design and construction. 

As noted earlier, rising cooling demands are also 
driven by the need to condition incoming fresh 
air delivered to spaces through the air condition-
ing system (see “Air system input” in Table 4). 
With the basecase adopting a minimal fresh air 
provision of 8.0 l/s.person, during occupied 
periods, the main way to address this is by intro-
ducing heat recovery from cooler exhaust air to 
pre-cool incoming fresh air.  

Generic Retrofit Options 

The basecase results show that although solar 
gains are one of the main climatic drivers of 
cooling demand, heat gains due to air tempera-
ture have the greatest relative increase in future 
years. Initial opportunities for addressing this 
latter factor using technologically mature prod-
ucts are increasing the insulation properties of 
the glazing and opaque external walls. Although 
addressing solar gains would not lead to im-
proved resilience to future climate changes, as 
discussed in section 4.1, it is a primary heat gain 
source that can be reduced significantly by 
adding external shading.  

Improved Glazing 

Although the basecase glazing is of a moderately 
good performance, i.e. U-value = 1.8 W/m2K and 
g-value = 28%, it is possible to increase its 
insulating properties. Retrofitting with im-

proved double glazing having a higher perfor-
mance low-e coating and Krypton gas fill, 
resulting in an improved U-value = 0.76 W/m2K 
and g-value = 27%, the conductive heat gain 
through the buildings glazing reduces across 
future years (Table 4). However, the resultant 
impact on annual cooling demand is not fully 
equivalent and is marginal, ranging from 1.5% to 
3.1% (Table 4). This illustrates not only the 
comparatively small amount of conduction heat 
gain and high amount of solar gain, even with 
glazing of high solar performance, but also the 
heat retention effect of increasing the insulating 
properties of the glazing. Whilst the improved 
insulating properties reduce the amount of 
conduction between the internal space and 
higher external air temperature this improve-
ment also reduces conduction of heat in the 
other direction, i.e. from internal spaces to lower 
outdoor temperatures, during the cooler times of 
the year. In these latter periods, the internal heat 
gains, which are of a larger scale than solar gains, 
i.e. approximately 80.0 MWh/yr and 30.0 MWh/ 
yr respectively, drive a demand for cooling when 
the outdoor temperature is slightly lower than 
that when cooling is needed in the basecase 
scenario. Effectively improving the glazing in this 
way reduces cooling demand in high external 
temperature conditions but increases it in lower 
external temperatures albeit the associated re-
duction is marginally greater than the increase. 
This indicates the importance of optimizing the 
U-value of retrofitted glazing to maximize im-
provement of resilience. 

Table 4 

Glazing annual conduction gains 

Year Basecase glazing annual 
conduction gain 
(MWh/yr) 

Retrofit glazing annual 
conduction gain 
(MWh/yr) 

Retrofit glazing reduction in annual 
cooling demand compared to Basecase 
(%) 

Current 3.8 2.8 1.5 
2020 7.3 4.5 1.5 
2050 10.6 6.2 2.5 
2080 15.4 8.7 3.1 
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Table 5 

External wall annual conduction gains 

Year Basecase external wall 
annual conduction gain 
(MWh/yr) 

Retrofit external wall 
annual conduction gain 
(MWh/yr) 

Retrofit external wall reduction in annual 
cooling demand compared to Basecase 
(%) 

Current 3.0 1.6 0.5 
2020 4.0 2.1 0.8 
2050 4.9 2.6 0.9 
2080 6.3 3.3 1.0 

 
Improved External Walls 

The basecase buildings external walls do not 
have any insulation resulting in a relatively poor 
U-value = 0.35 W/m2K. Retrofitting an additional 
125mm of EPS insulation behind the outer panel 
layer improves the walls performance to U = 0.18 
W/m2K, which can be considered as a moderate 
to high performance specification. The impact of 
this retrofit is similar in terms of both the 
elemental reduction in conduction gain and 
cooling demand to that of improved glazing. The 
annual conduction gain through external wall 
elements is reduced by approximately 50% 
across future years (see Table 5) whereas, the 
effect on annual cooling demand is low ranging 
from 0.5% to 1.0%. The main reason for this and 
implication for retrofit specification is the same 
as that for improved glazing. 

Fixed External Shading 

Retrofitting external shading with 1.5m fixed 
shades above all large areas of glazing around 
the building results in much reduced solar gain, 
i.e. from approximately 30 MWh/yr in the base-
case to approximately 18 MWh/yr. Not all of this 
reduction in annual solar gain offsets the cooling 
demand as some of it occurs during days when 
the air conditioning is not running, i.e. Fridays 
and Saturdays. This results in an effective reduc-
tion in annual solar gain of approximately 16 
MWh/yr. This reduction in solar gain remains 
effectively constant across future years resulting 

in cooling demand reductions that decrease 
proportionally into the future, i.e. from 5.5% 
under current conditions down to 3.9% in 2080. 
This is because under current projections of cli-
mate change, the main driver of increasing 
cooling demands is rising external air tempera-
ture.  

 

Conclusion 
Using simulations of a typical office floor in a 
high-rise tower, with average thermo-physical 
attributes, under projected changes in the UAE 
climate, the study shows the impact on drivers of 
building cooling demands. From the energy im-
pacts of projected future weather data, it can be 
seen that actions to improve resilience will re-
quire attention to solar shading and improving 
the efficiency of treating incoming ventilation 
air. In particular, the results show that whilst ad-
dressing solar gain is an important opportunity 
to reduce current cooling demand the propor-
tional benefit of this diminishes as the climate 
changes into the future. What is most important 
in terms of improving resilience is addressing 
heat gains due to rising external temperatures. 
Although pursuit of this can be done by improv-
ing the insulating performance of glazing and ex-
ternal walls, the most significant benefits can be 
achieved by technologies that reduce the cooling 
load needed to condition incoming fresh air for 
ventilation. 
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Abstract. Field and laboratory gamma measurements were performed for sur-
face, adit, and core samples from Gabal Abu Dabbab albite granite Ta-Nb-Sn min-
ing area, which is located some 50 km northwest of Marsa Alam city within the 
central Nubian Shield of Egypt. The field measurements were taken by portable 
RS-230 γ-ray spectrometer and the laboratory spectrometric analysis were ver-
ified by HPGe detector for 238U, 226Ra, 232Th, and 40K (Bq/kg) in the studied sam-
ples to assess their radiation hazards. The natural radioactivity levels of surface 
samples maximized to 94.68, 61.64, 45.10, and 1051.62 Bq/kg for 238U, 226Ra, 
³²Th, and ⁴⁰K respectively, whereas adit and core samples reached 206.47, 
113.16, 198.7, and 939.43 Bq/kg respectively. Almost all values of radiation haz-
ard indices in the studied samples were under the health hazard limits. A com-
parison of radiological and safety impact parameters on humans due to primor-
dial radioactivity in the studied samples with some internationally approved val-
ues. In addition, statistical analysis of primordial radionuclides of 226Ra, 232Th, 
and 40K was performed to evaluate the distribution and the interrelation of radi-
onuclides. Statistical depicting groups, two sample comparison tests (t-test and 
Mann-Whitney W-tests), summary statistics of the measurements, as well as 
health hazard indices, were used for evaluation. 
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Introduction 
The Marsa Alam area of the central Nubian 
Shield of Egypt embraces many mineral re-
sources such as gold (El-Sukari Gold Mine) and 
Ta-Nb-Sn (Abu Dabbab Mine). The Gebel Abu 
Dabbab rare metals-bearing albite granite repre-
sents one of Late Pan-African alkaline plutons of 
granitic rocks (650-570 Ma; Kröner, 1985). It has 
attracted many investigators for being the most 

important rare-metal mining areas in the East-
ern Desert (El Hadek et al., 2016; El-Kadi et al., 
1972; Helba et al., 1997; Küster, 2009; Mohamed, 
2012; Sabet et al., 1973).  

The major socioeconomic and environmental 
problems emanating from the thriving mining 
area activities throughout the world have long-
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acting effects on the mining communities. There-
fore, the present study is considered as a clue for 
characterizing the relationship among mining 
activities relevant to socioeconomic, livelihood 
sustainability, and radiological environmental 
impacts of Abu Dabbab mining area. 

Radiological hazards due to long-term exposure 
to the radiation emitting from granites have been 
determined by many authors (Abdel-Razek, 
2016; Chen and Lin, 1996; Heikal et al., 2013; 
2016; Heikal and Top, 2017; Kapdan et al., 2012; 
Örgün et al., 2007; Rangaswamy et al., 2015). 
Therefore, it was important to evaluate the radi-
ation hazards arising from naturally occurring 
radionuclides in the Abu Dabbab albite granite 
mining area by the help of health hazard indices. 
Measurements performed by different tech-
niques of spectroscopic methods including a 
portable RS-230 spectrometer and Hyper Purity 
Germanium (HPGe) detector and data analysis 
used statistical depicting groups such as box and 
whisker diagrams, scatter plots, also summary 
statistics of the measurements and health hazard 
indices were used for data evaluation. In the 
study, not only surface samples but also under-

ground samples were evaluated to show the dis-
similarity of their radioactivity levels and poten-
tial health hazards.  

 

Geologic Setting 
Abu Dabbab area is located some 50 km to the 
northwest of Marsa Alam city (Figure 1) covering 
about 2 km2. It includes Gabal Abu Dabbab albite 
granite (0.4 km2, 450 m above sea level) that in-
trudes into ophiolitic mélange (exotic blocks of 
serpentinites, metavolcanics and metasedi-
ments; Figure 1). 

The studied area is mainly sheared (Figure 2A–
B) by cross-cutting faults and shear zones trend-
ing along NNW–SSE and dissected by quartz and 
amazonite veins as well as felsic-basic dykes 
(Figure 1 and Figure 2C–D). 

Abu Dabbab albite granite forms low to moder-
ate hills (170–450m) and is characterized by en-
richment of tin mineralization and rare-metals 
profit. It constitutes unique stock-like intrusion 
with off-shoots in the form of an elephant's trunk 
to the northwest of the stock (Figure 1). 

 

 
Figure 1: Geological  Map of Abu Dabbab Albite Granite and its Ta-Nb-Sn Mining  area (strongly 
modified after Helba et al., 1997). Location of the study area is indicated by yellow astrick at the 

inset map 
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Figure 2: A. Close-up view of deformed albite granite showing tensional shearing trending NNW. 
Hammer and portable RS-230 were as a scale, B. Close-up view of massive albite granite, Portable 
RS-230 as a scale, C. Amazonite vein cross cuts sheared albite granite, D. Adit entrance #3 in albite 

granite. Note a twisted basaltic dike cross cuts the sheared granite 

 

The studied stock is flanked by mafic and felsic 
dykes to the south and east of the studied area. 
Numerous quartz veins and amazonite veins 
trend more or less in NE and NW and associated 
mostly with tantalite, columbite, and tin miner-
alization. Regarding the structural framework of 
Abu Dabbab albite granite and its country rocks 
of ophiolitic mélange, they are bounded by N–S, 
NW, and NNE trending shear zones (Figure 1). At 
the southern end on both ophiolitic mélange and 
albite granite, the shear zones and quartz and 
amazonite tension veins are well reported (Fig-
ure 2C). These shears continue further north and 
are confined to the contact zones at the marginal 
parts of the albite granite outcrop. The main 
components of the shear zone are highly de-
formed granite sheets, which tend to be in a my-
lonitic fashion (Figure 2A). 

Field radiometric investigation and measure-
ments have been performed at different sites 
from surface exposures, adit opening points, and 
across shear zones cut amazonite veins of Abu 
Dabbab albite granite (Table 1).  

 

Materials and Methods 
Ground Spectrometric Survey 

Field gamma spectrometric measurements were 
done at 21 stations of different sites (Table 1) for 
surface and adit exposures as well as across 
shear zones within amazonite veins in Abu Dab-
bab albite granite using an RS-230 BGO Super-
Spec model portable detector (Figure 2A–B) and 
handheld spectrometer survey meter unit in 
95% relative efficiency (Figure 2A–B). 
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Table 1 

Ground gamma-ray spectrometric measurements (K. eU and eTh) for Abu Dabbab albite granite 
using RS-230 spectrometer. 

Points K (%) eU 
(ppm) 

eTh 
(ppm) 

Latitude – Longitude Remarks 

P1 4.5 19.5 42.0 25o 20' 43.72'' N – 34o 32' 30.65'' E Sheared Granite-Left side of Adit #3 
P2 3.3 13.0 18.0 25o 20' 44.00'' N – 34o 32' 30.80'' E At the Entrance of Adit #3(Contact) 
P3 3.7 9.9 24.0 25o 20' 43.70'' N – 34o 32' 30.55'' E Inside of Adit #3 (Quarried) 
P4 3.5 19.0 30.0 25o 20' 44.18'' N – 34o 32' 31.26'' E Sheared Granite-Right side (Away) of Adit #3 
P5 4.0 20.0 35.0 25o 20' 43.90'' N – 34o 32' 31.00'' E Sheared Granite-Right side (Away) of Adit #3 
P6 4.0 13.0 29.0 25o 20' 43.47'' N – 34o 32' 31.31'' E Sheared Granite 
P7 3.4 6.6 13.3 25o 20' 40.47'' N – 34o 32' 36.85'' E Massive Granite 
P8 2.4 10.5 8.6 25o 20' 39.97'' N – 34o 32' 36.17'' E Massive Granite 
P9 2.7 7.7 9.6 25o 20' 39.70'' N – 34o 32' 35.74''E Massive Granite 
P10 3.1 5.1 11.5 25o 20' 40.32'' N – 34o 32' 35.97'' E Massive Granite 
P11 3.1 9.2 23.0 25o 20' 39.40'' N – 34o 32' 35.24'' E Massive Granite 
P12 3.8 6.9 18.0 25o 20' 39.70'' N – 34o 32' 35.15'' E Massive granite 
P13 3.1 6.7 13.8 25o 20' 39.69'' N – 34o 32' 34.84'' E Massive granite 
P14 4.6 9.8 19.7 25o 20' 39.88'' N – 34o 32' 33.96'' E Massive granite 
P15 4.0 10.7 12.3 25o 20' 40.11'' N – 34o 32' 33.40'' E Massive granite 
P16 4.0 12.5 21.0 25o 20' 44.88'' N – 34o 32' 38.88'' E Massive granite 
P17 4.8 12.5 19.7 25o 20' 44.61'' N – 34o 32' 39.16'' E Massive granite 
P18 3.1 7.6 13.5 25o 20' 44.00'' N – 34o 32' 39.62'' E Massive granite 
P19 4.0 12.5 20.0 25o 20' 43.59'' N – 34o 32' 39.81'' E Massive granite 
P20 5.6 7.5 13.0 25o 20' 44.72'' N – 34o 32' 39.58'' E Near Amazonite Vein 
P21 3.0 10.0 15.0 25o 20' 44.60'' N – 34o 32' 39.78'' E Near Amazonite Vein 

 

This detector has full assay capability with data 
on K%, eU (ppm), and eTh (ppm). For proper op-
eration, it was manufactured by an independent 
private company (Radiation Solutions, Inc., Mis-
sissauga, Ontario, Canada). The term “equiva-
lent” or its abbreviation “e” is used to indicate 
that the equilibrium is assumed between the ra-
dioactive daughter isotopes monitored by the 
spectrometer, and their respective parent iso-
tope. 

During the field measurements, we found the 
highest radioactivity levels up to 20 ppm for eU 
and 42 ppm for eTh and 5.6% for K (Table 1) 
were relevant to sheared granite nearby adit ex-
posures (P1–P6), whereas low radioactivity lev-
els (P7–P21) were related to massive albite 
granite near amazonite veins (Figure 3 and Table 
1). Statistical analysis is given by Figure 11 and 
Table 5.
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Table 2 

Specific activity of CU. CRa. CTh and CK of the studied albite granite from Abu Dabbab mining area. 
central Eastern Desert. Egypt. 

Sample No. 

Sa
m

pl
e 

ty
pe

 Uranium activity 
concentration 
CU(Bq/kg) 

Radium activity 
concentration 
CRa (Bq/kg) 

Thorium activity 
concentration CTh 
(Bq/kg) 

Potassium activity 
concentration CK 
(Bq/kg) 

1 
Su

rfa
ce

 S
am

pl
es

 
50.59 29.00 17.25 74.25 

3 74.87 61.64 45.10 354.47 
4 58.13 39.97 9.51 593.20 
5 76.09 43.00 14.53 889.32 
24 94.68 39.51 14.70 1051.62 
28 68.62 52.96 15.13 664.74 
30 88.15 55.31 26.92 417.06 
31 47.70 31.81 9.47 675.20 
32 60.64 47.00 17.96 658.34 
33 48.05 61.52 29.97 641.68 
Mean±SD  66.75 ± 16.6 46.2 ± 11.5 20.1 ± 11.01 601.9±225 
8 

Ad
it 

Sa
m

pl
es

 

100.09 75.79 118.42 609.49  
13 152.3 73.82 115.39 66.81 
15 32.72 14.08 16.45 300.16 
16 206.47 113.16 198.07 408.89 
20 74.81 52.5 20.56 145.22 
22 56.91 37.59 8.59 569 
23 33.43 36.37 14.75 110.22 
25 72.18 36.8 12.42 659.35 
26 59.16 33.01 10.8 95.36 
Mean±SD  87.6 ± 57.6 52.6 ± 30.1 57.3 ± 69.2 329.4 ± 182.3 
CS-5 
200 m at 
depth 

Co
re

 S
am

pl
es

 66.28 46.08 43.47 728.39 

CS-6 
230 m at 
depth 

108.23 54.17 19.6777 939.42 

Mean±SD  87.3 ± 29.7 50.1 ± 5.7 31.6 ± 16.8 833.9± 149.2 
 
Sample Preparation 

Surface, adit, and subsurface core samples (200–
230 m at depth; Tantalum-Egypt Company) were 
carefully collected from Abu Dabbab albite gran-
ite to represent the entire Ta-Nb-Sn mining area 
(Figure 1). The samples, each being approxi-
mately 200 grams, were neatly packed into a 
well-labeled polyethylene bag, and transported 
to the Nuclear and Radiological Regulatory Au-
thority in Cairo for analysis at the radiation pro-
tection laboratory. The samples were oven-dried 
at a temperature of 100o C for 72 hours. The 
dried samples were pulverized, sieved (200 
mesh), and 185±10 grams of the homogenized 
samples were carefully packed into labeled Mari-
nelli beakers and properly sealed to prevent the 

escape of radon. The sealed samples were stored 
for about 5 weeks to attain radiological (secular) 
equilibrium where the decay rates of the daugh-
ter nuclides and their respective parents become 
equal (El-Tahawy and Higgy 1995; Mantazul et 
al., 1998). 

Petrographic Inspection 

The microscopic study allows investigating the 
petrographic and mineralogical characteristics 
of the main rock type of albite granite (Figure 
4A–D). 

In spite of the small size of the Gabal Abu Dabbab 
albite granite, a variation in the textural relation-
ship, an abundance of accessory minerals, and a 
degree of deformation is evident.  
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Table 3 

Calculated environmental radiation hazard indices of the studied albite granite from Abu Dabbab 
Mining area. central Eastern Desert. Egypt. 

Sample 
No. 

Sa
m

pl
e 

ty
pe

 Radium 
equivalent 
(Bq/kg) 

Gamma 
Activity 
Concentrati
on Index (Iγ) 

Absorbed 
dose rate 
(nGyh-1) 

AEDR (mSv/y) Hex Hin Excess life 
time cancer 
risk outdoors 
(ELCRout)x10-4 

Outdoor Indoor 

AD1 

Su
rfa

ce
 S

am
pl

es
 

59.38 0.42 27.20 0.03 0.13 0.16 0.24 0.13 
AD3 153.42 1.10 71.26 0.09 0.35 0.41 0.58 0.34 
AD4 99.25 0.76 49.11 0.06 0.24 0.27 0.38 0.23 
AD5 132.25 1.02 65.97 0.08 0.32 0.36 0.47 0.31 
AD24 141.50 1.11 71.23 0.09 0.35 0.38 0.49 0.34 
AD28 125.78 0.95 61.58 0.08 0.30 0.34 0.48 0.29 
AD30 125.93 0.92 59.66 0.07 0.29 0.34 0.49 0.28 
AD31 97.35 0.76 48.74 0.06 0.24 0.26 0.35 0.23 
AD32 123.38 0.93 60.32 0.07 0.30 0.33 0.46 0.28 
AD33 153.79 1.14 73.79 0.09 0.36 0.42 0.58 0.35 
Mean±
SD 

 121.2 ± 
28.9 

0.91 ±  
0.22 

58.9± 
14.1 

0.07± 
0.02 

0.29± 
0.07 

0.33± 
0.10 

0.45± 
0.11 

0.28 ±  
0.07 

AD8 

Ad
it 

Sa
m

pl
es

 

292.06 2.10 133.97 0.16 0.66 0.79 0.99 0.63 
AD13 243.97 1.69 108.55 0.13 0.53 0.66 0.86 0.51 
AD15 60.72 0.46 29.24 0.04 0.14 0.16 0.20 0.14 
AD16 427.89 3.01 192.33 0.24 0.94 1.16 1.46 0.91 
AD20 93.09 0.65 43.08 0.05 0.21 0.25 0.39 0.20 
AD22 93.68 0.72 46.43 0.06 0.23 0.25 0.35 0.22 
AD23 65.95 0.46 30.56 0.04 0.15 0.18 0.28 0.14 
AD25 105.34 0.81 52.21 0.06 0.26 0.28 0.38 0.25 
AD26 55.80 0.39 25.94 0.03 0.13 0.15 0.24 0.12 
Mean±
SD  

159.8±131
.2 

1.14±0.92 73.57±58.
9 

0.09±0.
07 

0.36±0.29 0.43±0.
35 

0.57±
0.43 

0.35±0.28 

CS-5 
200 m 
at depth 

Co
re

 S
am

pl
es

 164.34 1.23 78.66 0.10 0.39 0.44 0.57 0.37 

CS-6 
230 m 
at depth 

154.65 1.18 76.42 0.09 0.37 0.42 0.56 0.36 

Mean±
SD 

 159.5 ± 
6.9 

1.21 ± 0.03 77.5±1.58 0.095±0
.002 

0.37±0.00
8 

0.43±0.
02 

0.57±
0.003 

0.37±0.01 

The rocks are generally ineqigranular, fine to 
medium-grained, with grayish white to vivid 
white color. Cataclasis due to intense brecciation 
and deformation and later silicification are 
locally well developed, particularly near their 
shear zones within almost rock units. Based on 
the above-mentioned features, the rocks of Gabal 
Abu Dabbab can be broadly grouped into mas-
sive albite granite and deformed albite granite 
(cataclasites). 

Massive albite granite consists of albite, quartz, 
and microcline. Accessory and opaque minerals 
are relatively abundant forming about 5 to 10 

rock modal composition. Plagioclase feldspar of 
albite composition (An5 –An10), is the dominant 
mineral with an average 45% of the rock mode 
(in a few samples it decreases to 30% of the rock 
mode). The albite laths exhibit interpenetrating 
and interlocking fashion (snowball texture; 
Figure 4A), while in other samples, they display 
subparallel alignment around the more coarse 
slightly elongated and deformed quartz. 

Deformed albite granite is mineralogically sim-
ilar to the massive albite granite, but it is charac-
terized by high deformation, silicification, and 
less abundant accessory minerals. These rocks 
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are inequigranular, fine to medium-grained, with 
porphyroclastic texture (Figure 4B). Zircon, 
sphene, apatite, fluorite, and Ta-Nb bearing min-
erals; tantalite-columbite are the main accesso-
ries (Figure 4C–D) for both two rock types. 

Gamma-Ray Spectroscopy 

Activity Measurements 

Activity measurements were performed by a 
gamma-ray spectrometer at the Egyptian Nu-
clear and Radiological Regulatory Authority, Ra-
diation Protection Laboratory, using a vertical 
HPGe detector of relative efficiency 40% and full 
width at half maximum (FWHM) of 2.0 keV for 
60Co gamma energy line at 1332 keV. The detec-
tor was operated with Canberra Genie 2000 soft-
ware for gamma acquisition and analysis. The 
HPGe detector was contained in a 4 inches thick, 
low background lead shield for germanium de-
tectors in a free-standing lead castle providing a 
low background environment to shield the de-
tector from lead fluorescent X-rays and brems-
strahlung. The lead is lined with a 1 mm tin and 
1.6 mm copper layer. 

The specific activity calculations of 226Ra and 
232Th were obtained indirectly from the gamma 
rays emitted by their progenies which are in sec-
ular equilibrium with them. The determination 
of 226Ra activity is based upon the detection of 
351.9 keV gamma rays emitted by 214Pb, 609 keV 
gamma rays emitted by 214Bi, 1120 keV gamma 
rays emitted by 214Bi, 1764 keV gamma rays 
emitted by 214Bi, and the detection of 295 keV 

gamma rays emitted by 214Pb. The determination 
of 232Th activity is found by the detection of 238.6 
keV gamma rays from 212Pb, 911.2, and 969 keV 
from 228Ac and 583.34 keV gamma rays from 
208Tl. Activity concentration of 40K was deter-
mined from the 1460.7 keV gamma line. The net 
area under each photo peak, after background 
corrections, was used to calculate the activity 
concentration of each radionuclide in samples. 

 

Radiological Hazard Assessment 
Radium Equivalent Activity 

The γ-ray radiation hazards due to the specified 
radionuclides 226Ra, 232Th, and 40K were assessed 
by two different indices. The radium equivalent 
activity, which is the most widely used radiation 
hazard index Raeq, is a weighted sum of activities 
of the above three radionuclides based on the as-
sumption that 1 Bq/kg of 226Ra, 0.7 Bq/kg of 
232Th, or 13 Bq/kg of 40K produces the same γ-ray 
dose rate and that Raeq should not exceed a max-
imum of 370 Bq/kg (OECD, 1979; UNSCEAR, 
1982). Raeq is given by Beretka and Mathew 
(1985): 

Raeq = C(Ra) + 1.43 × C(Th) + 0.077 × C(K) [1] 

where C(Ra), C(Th), and C(K) are the specific ac-
tivity of 226Ra, 232Th, and 40K, respectively, in 
Bq/kg. Statistical analysis is given by Figures 12–
13 and Tables 6–7. 

 

Figure 3: Histogram for ground spectrometric measurements of eU (ppm), eTh (ppm), K (%) using 
RS-230 spectrometer for surface exposure, and adit samples of Abu Dabbab albite granite. For 

explanation, refer to Table 1 
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Figure 4: A. Snowball albite of concetrically aligned albite laths and quartz fragments (Crossed 
polars) B. Highly deformed and streaky quartz and feldspar crystals giving prophyroclastic and 

mortar textures. Deformed albite granite, PPL. C. Zircon (Zr) and sphene (Sph) accessory minerals 
in albite granite (crossed polars). D. Bold crystals of apatite (Ap) as inclusions inmega-crystal albite 

(Crossed polars), scale bar applies in all photomicrographs 

 

External and Internal Hazard Indices 

Another criterion, known as the external hazard 
index, has been defined by OECD (1979) and Be-
retka and Mathew (1985) as: 

1
4810

)(

259

)(

370

)( ���� KCThCRaCH ex
 [2] 

This index is used to estimate the level of γ-
radiation hazard associated with the external 
gamma radiation originating from natural radio-
nuclides in the studied samples. 

The internal exposure to radon and its daughter 
products is quantified by the internal hazard in-
dex (Hin) which is given by the equation (Beretka 
and Mathew, 1985): 

1
4810

)(

259

)(

185

)( ���� KCThCRaCH in
 [3] 

If the maximum concentration of radium is half 
that of the normal acceptable limit, then Hex and 
Hin will be less than 1.0 (Beretka and Mathew, 
1985). For the safe use of a material in the con-
struction of dwellings, Hin should be less than 
unity. Statistical analysis is given by Figure 17 
and Tables 12–13. 

Absorbed Gamma Dose Rate 

The gamma dose rate in the air is measured at 
one meter above ground level and the conver-
sion factors used to calculate the absorbed dose 
rate are given in Equation 4 (UNSCEAR, 1993): 

 [4]
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The terms C(Th), C(Ra), and C(K) are the average 
specific activity of 232Th, 226Ra, and 40K in Bq/kg 
respectively, and D is the dose rate in nGy/h. Sta-
tistical analysis is given by Figure 15 and Table 
9. 

Annual Effective Dose Rate 

To estimate the annual effective dose rates, the 
conversion coefficient from the absorbed dose in 
the air to the effective dose (0.7 Sv.Gy−1) and out-
door occupancy factor (0.2) proposed by UN-
SCEAR (2000) are used. Therefore, the annual ef-
fective dose rate (mSv.yr−1) was calculated by the 
following formula (UNSCEAR, 2000): 

AEDR (mSv.yr−1) =  
D (nGy.h−1) × 8760 h.yr−1 × 0.7 × (103mSv /109) nGy × 0.2 [5]

For indoor measurements (as the case in build-
ing materials) the occupancy factor is approxi-
mately 0.8 (UNSCEAR, 2000) and the equation 
becomes: 

  
[6]

For the outdoors, the occupancy factor is approx-
imately 0.2 and the equation becomes: 

  
[7] 

The world average annual effective dose equiva-
lent (AEDE) from outdoor or indoor terrestrial 
gamma radiation is 0.48 mSv/year (UNSCARE, 
2000). Statistical analysis is given by Figure 16 
and Table 10. 

Table 4 

World-wide average review of some granite literatures data of specific activity concentrations 
(Bq/kg) vs. the present study. 

Location Area of study 238U(av.) 226Ra(av.) 232Th(av.) 40K(av.) Reference 
Worldwide 
Average 

-------- 33 32 45 412 UNSCEAR 2008 

Saudi Arabia Ranyah Area - 45 39 1178 Zeghib et al. 
2016 

Worldwide 
Average 

-------- - 90 80 1200 UNSCEAR 
1993 

Yemen Na'wah Area 
Precambrian 
granites 

156.8 69.2  83.6 2127.1 Heikal et al. 2016 

Egypt Sharm El-Sheikh 48.2 49.3  60.7 1278 Al-Sharkawy et al. 
2012 

Egypt CED, Nuweibi Area, 
Albite granite 

138.3  - 121.5 1297.2  Gaafar 
2014 

Brazil Ceará State, white 
albite granite 

- 160  61  856  Anjos et al. 2011 

Egypt CED, Abu Dabbab 
Mine, Albite granite 

66.8  46.2  20.1  601.9  Present study 
(Surface samples) 

87.6  52.6  57.3  329.4  Present study (Adit 
samples) 

87.25  50.13  31.58  833.9 Present study 
(Core sample) 

77.6  49.3  37.10 507.3 Present 
study(average) 
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Table 5 

Summary statistics of Table 1 for the ground gamma-ray measurements for eU (ppm), eTh (ppm) and 
K%. 

 eU (ppm) eTh (ppm) K % 
Count 21 21 21 
Average 10.9619 19.5238 3.7 
Median 10.0 18.0 3.7 
Standard deviation 4.26245 8.62745 0.762889 
Minimum 5.1 8.6 2.4 
Maximum 20.0 42.0 5.6 
Range 14.9 335.4 41.95 
 

Table 6 

Summary statistics for of CU, CRa, CTh and CK specific activities of the studied albite granite from Abu 
Dabbab mining area, Central Eastern Desert, Egypt. 

Statistics Surface Adit Core 
Cu (Bq/kg) 
Count 10 9 2 
Average 66.752 87.5633 87.255 
Standard deviation 16.6002 57.6308 29.6631 
Median 64.63 72.18 - 
Minimum 47.7 32.72 66.28 
Maximum 94.68 206.47 108.23 
Range 46.98 173.75 41.95 
CRa (Bq/kg) 
Count 10 9 2 
Average 46.172 52.5689 50.125 
Standard deviation 11.5429 30.1278 5.72049 
Median 45 37.59 - 
Minimum 29.0 14.08 46.08 
Maximum 61.64 113.16 54.17 
Range 32.64 99.08 8.09 
CTh (Bq/kg) 
Count 10 9 2 
Average 20.054 57.2722 31.57 
Standard deviation 11.0133 69.1958 16.8291 
Median 16.19 16.45 - 
Minimum 9.47 8.59 19.67 
Maximum 45.1 198.07 43.47 
Range 35.63 189.48 23.8 
CK (Bq/kg) 
Count 10 9 2 
Average 601.988 329.389 833.905 
Standard deviation 273.42 239.162 149.221 
Median 650 300 - 
Minimum 74.25 66.81 728.39 
Maximum 1051.62 659.35 939.42 
Range 977.37 592.54 211.03 
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Figure 5: A, B, C Activity concentrations (Bq/kg) of the natural radionuclides (238U, 226Ra, 232Th 

and 40K) in surface samples, nearby adit and core samples respectively from Abu Dabbab albite 

granite 

Table 7 

Summary statistics for Raeq. 

 Count Average Standard deviation Median Minimum Maximum Range 
Surface 10 121.203 28.9729 125.855 59.38 153.79 94.41 
Adit 10 159.229 123.698 93.68 55.8 427.89 372.09 
Core 2 159.495 6.85186 - 154.65 164.34 9.69 
 
Table 8 

Summary statistics for Iγ. 

 Count Average Standard deviation Median Minimum Maximum Range 
Surface 10 0.911 0.218146 0.94 0.42 1.14 0.72 
Adit  9 1.14333 0.917442 0.72 0.39 3.01 2.62 
Core 2 1.205 0.0353553 - 1.18 1.23 0.05 
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Figure 6: Average of activity concentrations (Bq/kg) for the natural radionuclides (238U, 226Ra, 

232Th and 40K) of the studied surface, adit and core samples from albite granite in comparison to 
worldwide average of radionuclides (UNSCEAR 2000) 

 
Representative Gamma Index (Iγ) 

The representative level index, Iγ, is used to eval-
uate the level of γ-radiation hazard associated 
with the natural radionuclides in specific inves-
tigated samples, as defined by (OECD, 1979): 

Iγ = CRa/150 + CTh/100 + Ck/1500 [8] 

This gamma index is also used to correlate the 
annual dose rate due to the excess external 
gamma radiation caused by superficial materi-
als. It is a screening tool for identifying materials 
that might become of health concern when used 
for construction (Tufail et al., 2007). Values of Iγ 

≤ 1 corresponds to an annual effective dose of 
less than or equal to 1mSv, while Iγ ≤ 0.5 corre-
sponds to annual effective dose less or equal to 
0.3mSv (Avwiri et al., 2012). Statistical analyses 
are given by Figure 14 and Table 8. 

Outdoor Excess Lifetime Cancer Risk (EL-
CRout) 

The value demonstrating the number of extra 
cancers expected in a given number of people on 
exposure to a carcinogen at a given dose. Excess 
lifetime cancer risk (ELCR) was given by ICPR in 
2004 (Taskin et al., 2009) as:  
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ELCRout= AEDR × DL × RF [9] 

Where AEDR is the Annual Equivalent Dose Rate, 
DL is average Duration of Life (estimated to be 
70 years), and RF is the Risk Factor (S/v), i.e. fa-
tal cancer risk per Sievert. For stochastic effects, 
ICRP uses RF as 0.05 for the public (Taskin et al., 
2009). Statistical analysis is given by Figure 18 
and Table 14. 

 

Statistical Analyses 
Statistical analysis was done by STATGRAPHICS 
Centurion XVI, R statistical programs. Depicting 
groups like box and whisker diagrams and scat-
ter plots were used to make the outliers and var-
iations noticeable. For two sample comparisons, 
t-test and Mann-Whitney W-tests were used. 
Tukey’s summary statistical analysis supports 
the interpretation of the data.  

 
Figure 7: Average Iγ, Hex, and Hin of Abu Dabbab albite granite compared to worldwide average 

(Avwiri et al., 2012) 

 

Table 9 

Summary statistics for calculated absorbed gamma dose rate. 
 Count Average Standard deviation Median Minimum Maximum Range 
Surface 10 58.886 14.1037 60.95 27.2 73.79 46.59 
Adit 9 73.59 58.29 46.43 25.94 192.33 166.39 
Core 2 77.54 1.58392 - 76.42 78.66 2.24 
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Table 10 

Summary Statistics for AEDR indoor and AEDR outdoor values. 

 Count Average Standard deviation Median Minimum Maximum Range 
Surface-out 10 0.072 0.018738 0.075 0.03 0.09 0.06 
Surface-in 10 0.288 0.0697296 0.3 0.13 0.36 0.23 
Adit-out 9 0.09 0.0715891 0.06 0.03 0.24 0.21 
Adit-in 9 0.361111 0.285063 0.23 0.13 0.94 0.81 
Core-out 2 0.095 0.00707107 - 0.09 0.1 0.01 
Core-in 2 0.38 0.0141421 - 0.37 0.39 0.02 
 

 
Figure 8: Absorbed Dose Rate and AEDR of Abu Dabbab albite granite compared to the worldwide 

dose rate (58nGyh-1) and permissible level of AEDR (1 mSv/y) 
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Table 11 

Summary statistics for calculated for Hex and Hin values. 

 Count Average Standard deviation Median Minimum Maximum Range 
Surface-out 10 0.327 0.0784644 0.34 0.16 0.42 0.26 
Surface-in 10 0.452 0.104009 0.475 0.24 0.58 0.34 
Adit-out 9 0.431111 0.356456 0.25 0.15 1.16 1.01 
Adit-in 9 0.572222 0.43292 0.38 0.2 1.46 1.26 
Core-out 2 0.43 0.0141421 - 0.42 0.44 0.02 
Core-in 2 0.565 0.00707107 - 0.56 0.57 0.01 
 

Table 12 

T-test results for Hex, Hin indices of surface, adit samples. 

Surface samples Adit samples 
Null hypothesis  Mean Hex = Mean Hin 

95,0% Confidence intervals Hex[0.27; 0.38] 
Hin [0.37; 0.52] 

Hex[0.15; 0.70] 
Hin [0.23; 0.90] 

P-value  0.00713749 0.046112 
 

 

Discussion 
Statistical Analysis and Data Mining 

The results of elemental concentration measure-
ments and potential risk hazard indices (Tables 
1–3) were depicted by box and whisker plots, 
scatter plots, and evaluated by Tukey’s summary 
statistics.  

For data comparisons, comparing the averages 
don’t give always a meaningful result due to the 
heterogeneities. The distinction between mean 
and median of adit samples was more visible at 
Figure 12e and Table 6. At a box and whisker 
plot, the range value indicates the extent of nat-
ural variation. While in adit samples, the CK range 
value (Figure 12C and G, also given in Table 6) is 
higher, the CK value of surface samples has the 
highest, in another words, has the highest varia-
tions in distribution, probably due to fractiona-
tion. However, in the field measurements, the 
highest variations were detected for eTh (ppm) 
values (Table 1).  

The outliers depicted in box and whisker plots 
were also given under the tables and may need 
repetitions in analysis.  

Two-sample comparison tests were used to cal-
culate various statistics to determine whether 
there are statistically differences between the 
two groups. For understanding the correlations 
between Hex and Hin indices values of surface and 
adit samples at the 95% confidence level, t-tests 
were used (Table 11). While the computed P-
value was less than 0.05 for surface samples for 
Hex, Hin value comparison, the P-value was not 
less than 0.05 for adit samples. So, for surface 
samples we could reject but for adit samples we 
couldn’t reject the null hypothesis. For median 
comparisons, the Mann-Whitney W-test was 
used (Table 12). While the computed P-value 
was less than 0.05 for surface samples, the value 
was not less than 0.05 for adit samples so there 
was significant difference between the medians 
at the 95% confidence level for the surface sam-
ples but not for the adit samples. Briefly, in terms 
of mean and median comparisons, for Hex, Hin in-
dices of adit samples there was no significant dif-
ference.  

Radioactivity Levels and Hazard Indices Eval-
uations 

The specific activity levels of the natural radio-
nuclides measured in the studied albite granites 
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(Table 2 and Figure 5A–C), the mean values were 
46.2, 52.6 and 50.01 Bq/kg for 226Ra, 20.10, 57.3, 
and 31.58 Bq/kg for 232Th and 601.9, 329.4, and 
833.91 Bq/kg for 40K of surface, adit, and core 
samples. The increase in 40K relevant to potash 
feldspar minerals (microcline) that emerged as 
one of the main components of the studied albite 
granite. The mean values of 238U, 226Ra, 232Th, and 
40K specific activities in the studied surface and 
adit samples were more or less equal to the mean 
values of the world granites, which are 33 Bq/kg 
for 238U, 32 Bq/kg for 226Ra, 45 Bq/kg for 232Th, 
and 412 Bq/kg for 40K (UNSCEAR, 2008). 

Comparing the specific activities of 238U, 226Ra, 
232Th, and 40K of the surface, adit, and core sam-
ples, we can see that the adit samples have 
higher activity concentrations of 238U, 226Ra, and 
232Th than those found in surface and core sam-
ples, whereas the highest 40K concentration ac-
tivities are associated with core samples (Figure 
5A–C). This is attributed to the potash feldspar 
enriched with K, which is still fresh and not al-
tered. Radiological hazards in environmental 
substances are estimated through various haz-
ard parameters. Some available world averages 
and some limits are given in Table 4 and Figure 
10. The mean values of Raeq. of the studied albite 
granite (Table 2) were 153.79, 159.8 and 159.43 
Bq/kg for surface, adit, and core samples respec-
tively, which were less than 370 Bq/kg reference 
value recommended by the organization for 
Economic Cooperation and Development (OECD, 
1979). 

According to the Table 3 and Figure 7, Hin values 
were higher than Hex values due to emission of 
radon gas (Trevisi et al., 2012). Hin and Hex indi-
ces of all albite granite samples were less than 
the unit (< 1), so potential radiation health haz-
ard is negligible for these samples. While the 
gamma index values of the surface, adit, and core 
samples were 0.911, 1.14, and 1.2 in average re-
spectively (Table 3 and Figure 7), the gamma 
dose contribution of the adit and core samples 
exceeds 1 mSv/y dose criterion (Avwiri et al., 
2012; Solak et al., 2014). The absorbed dose 
rates in air at 1 m level for the radionuclides can 
be calculated by Equation 4. The contribution of 
the nuclides is given by Figure 19. According to 
the figure, for adit and surface samples, the most 

important contribution comes from Ra activity 
but for core samples that comes from K. On the 
other hand, core samples are below so their 
gamma-ray emission are prevented by soil and 
they can't contribute to absorbed gamma dose. 

In the present study, the absorbed gamma dose 
mean values of surface samples were 58.9 nGy/h 
and 73.6 nGy/h for adit samples (Table 3 and 
Figure 8). Adit samples tend to be slightly more 
than 60 nGy/h, which is the recommended world 
average value (UNSCEAR, 2000). 

The mean AEDRout values of the studied surface, 
adit, and core samples were 0.07, 0.09, and 0.1 
mSv/y respectively (Table 3 and Figure 8), which 
is less than the world average value, 0.46 mSv/y 
(Mantazul et al., 1998). On the other hand, the 
mean values of AEDRin for surface, adit, and core 
samples were 0.29, 0.36, and 0.37 mSv/y respec-
tively (Table 3). Both the AEDRout and the AEDRin 
were less than the world mean value, 0.46 mSv/y 
(Mantazul et al., 1998). 

In the present study, the mean values of ELCRout 

x 10-4 for surface, adit, and core samples are 0.28 
x 10-4, 0.35 x 10-4, and 0.36 x 10-4 (Table 3 and 
Figure 9) that are found to be lower than the 
world ELCRout value (2.90 x 10-4) (UNSCEAR, 
2008; Tanić et al., 2014). 

 

 

Figure 9: Average ELCRout for the albite 
granites of Abu Dabbab area, compared to the 

worldwide average (Tanić et al., 2014) 
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Table 13 

Mann-Whitney (Wilcoxon) W-test results for Hex, Hin indices of surface, adit samples. 

 Null hypothesis : median Hex = median Hin 
 Surface Samples Adit Samples 

Median of Hex 
Median of Hex 

0.34 
0.47 

1.02 
0.38 

Average rank of Hex 
Average rank of Hin 

7.05 
13.95 

9.94 
11.05 

P-value 0.01 0.232 
 

Table 14 

Summary statistics for ELCRout value. 

 Count Average Standard deviation Median Minimum Maximum Range 

Surface 10 0,278 0,0671317 0,38 0,13 0,35 0,22 
Adit 9 0,346667 0,275681 0,22 0,12 0,91 0,79 
Core 2 0,365 0,00707107 - 0,36 0,37 0,01 

 
 

 
Figure 10: The comparison of the 238U, 232Th, 226Ra and 40K average activity concentrations  

(Bq.kg-1) compared with worldwide average and some literatures 
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Figure 11: a. Statistical analysis of Box and Wisker plot of ground gamma-ray spectrometric 

measurements for eU, eTh (ppm), Outliers were P5 for eU (ppm) measurements and P1 was for eTh 
(ppm) measurements, b. Scatter plot of ground gamma-ray spectrometric measurements for eU, 

eTh (ppm), c. Box and Wisker plot of K%, P20 was the outlier, d. Scatter plot of ground gamma-ray 
spectrometric measurements for K%. 

 

Regarding the present radiation data and other 
ones reported from different countries (Table 4 
and Figure 10), the average specific activity of 
238U, 226Ra, 232Th, and 40K of the studied albite 
granite are 77.6, 49.3, 37.1, and 507.3 Bq/kg, 
which are lower values than those found in the 
countries and worldwide given by Table 4 and 
Figure 10. Compared to Nuweibi albite granite 
area (Gaafar, 2014), which is closely near to the 
current study area, the average specific activities 
of 238U, 232Th, and 40K were higher than those 
found in Abu Dabbab albite granite (Table 4 and 
Figure 10). 

Anomaly values of the risk parameters were 
observed at the only very limited site along adit 
mining, nearby shear zones along and across 
outcrops that were responsible for slightly 
higher level radioactivity. In general, the radia-
tion hazard assessment showed that radiological 
risk indices values in Abu Dabbab albite granite 
mining area surface samples were under the per-
missible limits.  

 

Conclusions 
A study of radiological assessment was carried 
out on the Abu Dabbab albite granite mining area 
from the Nubian Shield of Egypt. Varieties of nat-
ural radionuclides were found among surface ex-
posures, adit, and core samples of the studied al-
bite granite. Statistically significant correlations 
were found between the studied radionuclides, 
implying positive behavior. Further evidences 
may be found from the next U-series disequilib-
rium for more understanding about mobiliza-
tion. 

Faults and shear zones play an important role as 
they act pathways or channels for the ascending 
hydrothermal solutions. Because of its mobility, 
uranium is most frequently concentrated in the 
ascending solutions. By these processes, the 
most important and famous vein-types were 
formed. Shear zones are also cross-cut, almost 
exposures of the studied albite, giving rise to the 
gamma-radioactivity measurements along these 
fracture zones, which are usually twice higher 
than the background of the massive albite 
granite (Table 1). 
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Figure 12: Box and Wisker plots of the specific activity concentrations (Table 2) of surface, core 
and adit samples: a. CU, sample 16 in adit samples was outlier, c. CRa, e. CTh, g. CK in (Bq/kg). Scatter 
plots of the radioactivity levels of surface, core and adit samples: b. CU, d. CRa, f. CTh, h. CK in (Bq/kg). 
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Figure 13: a. Box and Wisker plot of Raeq., b. Scatter plot of Raeq.  

 

 

Figure 14: a. Box and Wisker plot of Hex and Hin, b. Scatter plot of calculated Hex and Hin. Surface-
Hex:S-Hex, Adit-Hex:A-Hex and Core-Hex:C-Hex are the abbreviations of Hex values of the samples. 

Surface- Hin: S-Hin, Adit-Hin:A-Hin, and Core-Hin:C-Hin are the abbreviations of Hin values of samples. 

 
Figure 15: a. Box and Wisker plots of absorbed gamma dose rate, b. Scatter plots of absorbed 

gamma dose rate.  
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Figure 16: a. Box and Wisker plots of AEDR outdoor and indoor, b. Scatter plots of AEDR outdoor 
and indoor values. Surface-out:S-out, Adit-out:A-out and Core-out:C-out are the abbreviations of 

AEDR outdoor values of the samples. Surface-in:S-in, Adit-in:A-in, and Core-in:C-in are 
abbreviations of AEDR indoor values of samples. 

 
Figure 17: a. Box and Wisker plot of Hex and Hin, b. Scatter plot of calculated Hex and Hin. Surface-

Hex, S-Hex, Adit-Hex, A-Hex and Core-Hex, C-Hex are abbreviation of Hex values of the samples. Surface- 
Hin, S-Hin, Adit-Hin, A-Hin, and Core-Hin, C-Hin are abbreviation of Hin values of samples. 

 

 
Figure 18: a. Box and Wisker plot of ELCRout, b. Scatter plot of ELCRout. 
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Figure 19: Absorbed gamma dose 
contributors. CRa: Contribution of radium 

gamma activity, CTh: Contribution of thorium 
gamma activity and CK: Contribution of 

potassium gamma activity. a. Surface samples, b. 
Adit samples, c. Core samples 

 

With regard to the results, the observed values 
are lower than the safe limits for absorbed dose 
rate (84 nGy h-1) (UNSCEAR, 2008; Nguelem et 

al., 2017), whereas the estimated annual effec-
tive doses are insignificant with respect to the 
safety of 1.5 mSv year-1 for construction (UN-
SCEAR, 2008). Following the results, adit sam-
ples in the mining area might increase radiation 
risk to the population when use for construction. 
In addition, almost all the above data of the stud-
ied samples are lower than the permissible level 
of unity (1.0) for AEDR (indoor and outdoor), Hin 
and Hex (Table 2). Therefore, the surface albite 
granite of the whole studied area is completely 
safe for using in all targets. 

Accordingly, the Abu Dabbab albite granites min-
ing area is safe and there is no radiological risk 
for inhabitants.  
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Abstract. The thermal analysis of the concrete walls showed that the connection 
mortar between the bricks works as thermal bridges, which transfer the heat to 
the interior wall surfaces. Therefore, insulation materials were used to produce 
insulation mortar in this research. Powder perlite and fine rubber were substi-
tuted with sand with three dosages 5%, 10%, and 15% by weight. The compres-
sive strength, thermal conductivity, density, and absorption were measured ex-
perimentally in the lab. The results showed that the maximum reduction in com-
pressive strength was 44% and 63% for 15% substitutions of perlite and rubber, 
respectively. On the other hand, the absorption of perlite was higher than rubber 
mortar by 59%, for the content of 10%. The thermal conductivity results proved 
the higher efficiency of perlite and rubber, which reached around 50% and 30%, 
respectively for the contents of 15%.  According to ASTM C 270, the perlite and 
rubber mortars were satisfying the conditions. 
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Introduction 
In Gulf countries, the exterior surfaces of build-
ings are exposed to excessive solar radiation be-
cause it is sunny on most days throughout the 
year in the United Arab Emirates (UAE), thereby 
the temperature increases sharply on the exte-
rior surfaces of building (roofs and walls). In 
summer, the air temperature can reach 50°C in-
ducing the exterior building envelopes to absorb 
the heat rapidly, resulting in a surface tempera-
ture of about 80°C (Zhou et al., 2014). As a con-
sequence, the interior surface temperature and 
the air-conditioning demand will significantly in-
crease. In Abu Dhabi, around 70% of electricity 
consumption was attributed to the high usage for 
air conditioning due to the desert climate in UAE 
(Powerwise, 2018). In Saudi Arabia, air-condi-
tioning systems constitute 65% of the building’s 
electrical consumption due to the hot environ-
ment (Almujahid and Kaneesamkandi, 2013). 
Therefore, controlling the amount of solar radia-

tion that can be penetrated to the interior sur-
faces, could be minimized by using insulation 
materials in mortar, thereby, the electricity and 
fuel consumptions could be minimized. In fact, 
decreasing the temperature of air conditioning 
(AC) just by one degree could reduce the electric-
ity consumption by 6% (Powerwise, 2018).  The 
main objective of this research was to reduce the 
heat flow from outdoor to indoor through pro-
ducing insulation mortars experimentally that 
could be used to build the masonry brick walls.  

 

Literature Review  
Many studies were conducted to enhance the in-
sulation of buildings by reducing the thermal 
conductivity using different materials and tech-
niques. Many researchers used perlite and rub-
ber to produce thermally efficient mortars. 
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Bulut (2010) investigated the possibility of using 
a fine particle size of perlite as a pozzolanic addi-
tive material to lime mortar. The addition of per-
lite increased the compressive strength by about 
0.5 MPa, as compared to lime mortar, which can 
be used in historical buildings. This mortar 
(without using cement) is useful in preserving 
the historic style of buildings. 

Zulkifeli and Saman (2016) evaluated experi-
mentally the effect of fire on the perlite cement 
mortar. The sand was replaced by perlite with 
the contents of 10%, 20%, 30%, and 40% by vol-
ume. The mortars were exposed to different high 
temperatures of 200°C, 400°C, 700°C, and 
1000°C. The compressive strength was reduced 
with increasing the perlite content, particularly 
for low temperature exposure, while the perfor-
mance improved in high temperature. 

Lanzón and García-Ruiz (2008) studied the influ-
ence of perlite on the fresh and hardened state of 
cement mortar. Water absorption, workability, 
mechanical strength, and sorptivity were re-
ported. The outcomes indicated that water ab-
sorption, sorptivity, and mechanical strength in-
duced a negative effect, while water retentivity 
and workability have improved generally.   

Xu et al. (2016) produced a new type of rubber 
and perlite mortar modified by SBR latex and 
polyester. Thermal and Mechanical properties 
were studied. The experimental results showed 
that the amount of rubber and perlite have a ma-
jor influence in a compressive strength and ther-
mal conductivity. With increasing rubber and 
perlite dosages, the compressive strength and 
thermal conductivity decreases. The reduction in 
compressive strength was 25–65%, as compared 
to the control mortar. The reduction of thermal 
conductivity was 6–12% and 30–35% for rubber 
and perlite, respectively. 

Meshgin et al. (2012) used recycled tires rubber 
as insulation material in cement mortar with ad-
ditive materials. Two different size of rubber 
particles were used in four mix groups. The 
study indicated that adjusting the size of rubber 
particles had a slightly effect on mechanical and 
thermal properties. Two mix proportions with 
fine and course rubber were prepared. The re-
sulted strengths were 6.93 and 7.55 MPa for fine 
and coarse rubber particles, respectively, at 28 

days, while the k-values were 0.364 and 0.323 
W/Km.    

Al-Tamimi et al. (2017) have developed FEM for 
a hollow brick masonry wall by filling the cavi-
ties with insulation materials. Three types of 
mortar were used to join the bricks (ordinary, 
light, and insulation mortars). The insulation and 
light mortars reduced the temperature by 1.30 
and 0.60°C, as compared to ordinary mortar. The 
effect of the mortar reduced when increasing the 
thermal conductivity of the cavity insulation ma-
terial.  

 

Experimental Program 
This section presents the replacement insulation 
materials, mix proportions, casting, and curing 
the samples.  

Insulation Materials 

Two insulation materials were used in the mix as 
replacement of sand. The perlite was powder 
(Figure 1) with a specific gravity of 0.30 and ab-
sorption of 100%. The rubber particles were fine 
with a particle size of 0.6 mm to 2 mm, as shown 
in Figure 1. The specific gravity was 1.12 and no 
absorption. 

 

  
(a) (b) 

Figure 1: (a) Powder perlite; (b) Fine rubber 

 

Mix Proportions 

The control mix followed the conditions of the 
ASTM C 270 (ASTM, 2004). The sand was re-
placed with perlite and rubber with percentages 
of 5%, 10%, and 15% by weight. Seven mixes 
were prepared, the control, perlite, and rubber 
mortars, as presented in Table 1. 
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Table 1 

Mix proportions for 1 m3 of control, perlite, and rubber mortars  

Mix Proportion Control PL-5 PL-10 PL-15 Ru-5 Ru-10 Ru-15 
Cement 445 445 445 445 445 445 445 
Water 267 315 342 359 265 263 261 
Sand 1495 1032 767 597 1334 1192 1065 
Perlite or Rubber ---  54 85 105 70 132 188 

 

Table 2 

Compressive strength of control, perlite, and rubber (MPa) 

Time 
(Days) 

Control 
(MPa) 

Perlite  Rubber  
5 10 15 5 10 15 

7 25.52 13.39 11.49 9.64 20.00 14.08 7.75 
14 26.93 22.32 16.96 15.91 22.68 17.27 10.67 
28 32.83 27.06 19.82 18.34 25.95 19.21 12.31 

 

Casting and Curing 

For each mix, nine cubes (50 mm) and three 
discs (50 mm dia. and 25 mm thickness) were 
cast and compacted using a vibration table, to 
measure strength absorption and thermal con-
ductivity (Figure 2). Each three cubes were 
cured for 7, 14, and 28 days in sweet water inside 
the lab.  

 

 
 Figure 2: 50-mm cubes and thermal discs 

 

Results and Discussions 
As shown in Table 2, the compressive strength of 
control, perlite, and rubber mortars were sum-
marized with a curing time of 7, 14, and 28 days. 
All strengths was satisfying the ASTM C 270 for 

mortar specifications (5.4 MPa; ASTM, 2014). 
For control mortar, 80% of the strength was 
gained in the first 7 days with 25.52 MPa and in-
creased slightly to 26.93 and 32.83 MPa, for 14 
and 28 days, respectively.  

As shown in Figure 3, the strength of perlite was 
lower than the control by 48%, 55%, and 62% 
for 5%, 10%, and 15% perlite mortar, respec-
tively, for 7 days curing. The strength reduced 
sharply on the seventh day because hydration 
was not completed due to the presence of perlite. 
Then, the strength was gained gradually until 
day 28 with an increment of about 50%. The re-
duction with perlite content of 10% was about 
27% and 7.5%, as compared to 5% and 15%, re-
spectively.  

Figure 4 shows the strengths of rubber mortar 
with rubber contents of 5%, 105, and 15% at cur-
ing days of 7, 14, and 28. The strength was obvi-
ously dropped with increasing rubber content 
with 21%, 41%, and 63% for 5%, 10%, and 15% 
rubber content, as compared to the control mor-
tar (after 28 days). Furthermore, the reduction 
was 26% and 36% for 10% and 15% rubber con-
tent, as compared to 5%, for day 28, while 5% 
rubber reduced the strength by 21% relatively to 
the control mortar.  
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Figure 3: Compressive strength for perlite 
mortar 

 

 
Figure 4: Compressive strength for rubber 

mortar 

 

Figure 5 shows comparisons between perlite 
and rubber mortars with the contents of 5%, 
10%, and 15%. For 5% and 10%, the difference 
was very slight on day 14 and 28, while on the 
seventh day, the strength of rubber was higher 
with 20–30% compared to perlite due to the de-
laying of hydration. For 15% of perlite and rub-
ber, the strength for rubber mortar was reduced 
greatly (30–40%) for curing days of 14 and 28. 
On day 7, the perlite was higher than rubber by 
20% due to the presence of a high quantity of 
rubber.  

The results of thermal conductivity (k-value) for 
perlite and rubber mortars were summarized in 
Table 3 for the contents of 5%, 10%, and 15%. 
The k-values were reduced with increasing the 
content of rubber and perlite, while perlite 
achieved higher thermal resistivity, as shown in 

Figure 6. The maximum reductions were 50% 
and 30% for perlite and rubber, respectively, for 
the content of 15%. The thermal conductivity of 
perlite reduced when increasing the content by 
20% per each extra 5% of perlite.  

 

 

 

 
Figure 5:  Comparisons between compressive 

strength for perlite and rubber mortar 

 

On the other hand, the values for rubber mortar 
depicted a reduction of 15% for adding each 5% 
of rubber excluding the first 5%, which achieved 
half the reduction.
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Table 3 

Thermal conductivity of perlite and rubber 
mortars  

Content Thermal Conductivity (W/m.k) 
Perlite Rubber 

0 1.40 1.40 
5 1.15 1.31 
10 0.94 1.12 
15 0.73 0.97 

 
Figure 6: Thermal conductivity for perlite and 

rubber mortars 

The wet and dry densities were summarized in 
Table 4 with the absorption for perlite and rub-
ber mortars. The wet density was in the range of 
1.94 to 2.28 gm/cm3, while the dry density was 
1.70 to 2.15 gm/cm3. For perlite mortar, the dry 
densities were reduced with increasing perlite 
content by about 12% for 5% perlite and 21% for 
both 10% and 15%, as compared to the control 
mortar (Figure 7).  

The dry density for rubber mortar reduced 
slightly for 5% and 10% of rubber content rela-
tively to the control mortar, while the content of 
15% reduced the density by 15% due to the little 
segregation with high content of rubber particles 
(i.e. high content of air gaps), as shown in Figure 
7. The dry density of perlite was much lower 
than rubber mortar with a maximum reduction 
of 19% for the content of 10% (Figure 7). For 
15% perlite, the dry density was almost the same 

with 10% perlite, which was ascribed to mini-
mizing the air gaps with increasing the perlite 
content (i.e. increase the rate of hydration). 

The absorption of control mortar was 6.19%, 
which increased sharply for perlite mortar by 
42%, 58%, and 55%, for 5%, 10%, and 15% per-
lite content, respectively, as illustrated in Figure 
7. Since the absorption of sand was higher than 
rubber (rubber absorption = zero), the absorp-
tion of 5% rubber mortar was reduced by 5%, as 
compared to the control mortar. Although the 
amount of sand was higher in 5% rubber mortar, 
the absorption was slightly lower (2%) than 
10% rubber mortar, in which air gaps take place. 
Similarly, 15% rubber mortar has a much higher 
absorption than 5% rubber mortar by about 
28%. The increment tends to the air gaps, which 
increase when increasing the rubber content, 
due to gathering rubber particles. 

 

 

Figure 7: Dry density and absorption of perlite 
and rubber mortars 
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Table 4 

Absorption for wet and dry densities of perlite and rubber mortars  

Content 0 5  10  15  
Mortar Control Perlite Rubber Perlite Rubber Perlite Rubber 
Wet Density (gm/cm3) 2.28 2.09 2.21 1.94 2.2 1.94 1.97 
Dry Density (gm/cm3) 2.15 1.89 2.08 1.69 2.08 1.7 1.82 
Absorption (%) 6.19 10.75 5.89 14.64 6.01 13.99 8.2 

 
Conclusions  
Perlite and rubber were used to produce insula-
tion mortar experimentally with three dosages 
(5%, 10%, and 15% by weight). Compressive 
strength, thermal conductivity, densities, and ab-
sorption were measured in the lab. Based on this 
experimental investigation, the following con-
clusions could be drawn:  

(1) The strength of perlite and rubber mortar 
dropped with maximum values of 44% and 
63%, respectively, for the content of 15% af-
ter day 28. 

(2) The maximum reductions of thermal conduc-
tivity were 50% and 30% for perlite and rub-
ber, respectively, for the content of 15%. 

(3) The dry density for rubber mortar reduced 
slightly for 5% and 10% of rubber content rel-
atively to the control mortar, while the con-
tent of 15% reduced the density by 15% due 
to the little segregation with high content of 
rubber particles. 

(4) The dry density of perlite was much lower 
than rubber mortar with a maximum reduc-
tion of 19% for the content of 10%. 

(5) The absorption of control mortar was 6.19%, 
which increased sharply for perlite mortar by 
42%, 58%, and 55%, for 5%, 10%, and 15% 
perlite content, respectively. 

(6) The absorption of rubber mortar was re-
duced by 5% (for 5% rubber) because the ab-
sorption of rubber was zero and the particles 
were distributed homogeneously (no particle 
segregation).  

(7) For 10% and 15% rubber content, the ab-
sorption was increased by 2% and 28%, re-
spectively, as compared to 5% rubber mortar. 
The increment tends to the air gaps, which in-
crease when increasing the rubber content, 
due to gathering rubber particles. 
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Abstract. Landscapes provide many ecosystem services, such as food and fibers, 
carbon sequestration, recreation possibilities, and aesthetic beauty or spiritual-
ity. These latter three services are cultural ecosystem services, which are rarely 
studied and their spatial distribution is poorly known. I developed and applied 
a framework to classify and map the provision of cultural ecosystem services as 
experienced by tourists in the Ugam Chatkal National Nature Park, which is lo-
cated in the Uzbek Tashkent region. In this study, a photo-based questionnaire 
survey is combined with cartographic images of different landscape types to ob-
tain hot and cold spot areas of cultural ecosystem services. The tourists’ socio-
demographic backgrounds on how they perceive these services are statistically 
analyzed. Each cultural ecosystem service shows a distinct spatial pattern in its 
distribution and in the different landscapes (i.e. natural lakes, traditional mead-
ows, and forests) in which they occur. Specifically, midlands landscapes between 
1,200 masl and 3,500 masl are considered as hotspot areas for recreational ac-
tivities, aesthetic beauty, and spirituality. The highland zones above 3,500 masl 
mainly provide cultural heritage and recreational activities. The lowland plains 
below 1,200 masl do not provide major services. My results demonstrate that 
the tourist perception is most influenced by nationality and degree of education. 
Other factors, such as gender, age, and environmental behavior have a less im-
portance in defining tourists’ perceptions. 

*Correspondence:  

 

Keywords. cultural ecosystem services, public perception, mapping, generalized 
linear mixed model, binomial regression model 

bekchanova1993@gmail.com 

  

Introduction 
Natural landscapes, such as mountains, lakes, 
forests, etc., are known to provide several ser-
vices to people (Millennium Ecosystem Assess-
ment, 2005. Landscapes are the main sources of 
providing provisioning, and regulating services 
and diverse cultural ecosystem services (CES) 
such as recreation, aesthetics, or spirituality 
(Tengberg et al., 2012). These multi-functional 
characteristics of landscapes support human 
needs and they have a valuable role in human 
survival (Plieninger et al., 2006). Nevertheless, 
during the past few decades, many multi-func-
tional landscapes, which can deliver different 
ecosystem services, are being converted into 
mono-functional land use types like croplands. 

The reason for these undertakings is that bene-
fits provided by multi-functional landscapes 
have not been taken into consideration in envi-
ronmental planning and decision-making. Fur-
thermore, it is difficult to quantify the values of 
these landscapes through market-based eco-
nomic analysis. Therefore, most of the land use 
policies have to be taken in accordance with in-
complete information (de Groot, 2006). This lack 
of knowledge can lead to making inadequate pol-
icy (Leibel, 2011). As a consequence, many tradi-
tionally used landscapes, such as idiosyncrasies 
of the national history of culture and specific hu-
man nature relationships, are put at risk (Fon-
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tana et al., 2013; Plieninger et al., 2006). Modifi-
cations in landscape structure and configuration 
are highlighted as a reason for the degradation of 
the visual quality of the landscape. This visual 
quality is valued by different stakeholders in-
cluding tourists (Fyhri et al., 2009). Particularly, 
all these conversions have a negative impact on 
the provision of CES. Moreover, the likelihood of 
recovering damaged CES is often hardly possible. 
Landscape conversion to mono-cultural land-
scapes can cause various issues related to envi-
ronmental restoration and stabilization (Millen-
nium Ecosystem Assessment, 2005).  

Particular conception of ecosystem services gen-
erally depends on the natural science paradigm, 
which complicates using the CES concept. CES 
are distinguished by their specific characteris-
tics, which means that these services are not 
purely ecological phenomena, alternatively, they 
represent the consequence of complex and dy-
namic associations between ecosystems and hu-
mans in landscapes continuing for a long period 
of time (Fagerholm et al., 2012). It is apparent in 
some of researchers’ published papers on eco-
system services that scholars mainly imple-
mented studies depending on natural science 
and economics. Investigating these methods into 
the CES assessment is considered to be compli-
cated. For this reason, two percent of its entire 
report of Millennium Assessment (MA) is dedi-
cated to CES (Millennium Ecosystem Assess-
ment, 2005). In addition, the assessment of The 
Economics of Ecosystems and Biodiversity 
(TEEB, 2010) only supports comprehensive 
analysis of ecosystem services, while their intan-
gible cultural values are not included in the anal-
ysis. The scarcity of CES data can cause biased 
ecosystem assessments and landscape planning, 
impeding their integration into protection poli-
cies and hampering the important bond creation 
between society and nature (Chan et al., 2012). 
Current global analysis has pointed out that even 
if humans become less reliant on provisioning 
and regulating services, their demand for CES 
never decreases (Guo et al., 2010). 

 

Problem Statement 
CES are rich for providing mediation, religion, 
peacefulness, and a great deal of knowledge (Mil-
lennium Ecosystem Assessment, 2005). Despite 
their importance, there has been insufficient re-
search to study values of CES and little is known 
about their spatial localization in different land-
scapes. One of the main reasons for this is that 
identifying a clear association between CES and 
some components of the ecosystems is challeng-
ing (Vejre et al., 2010). Consequently, CES are 
hardly considered in the assessment of ecosys-
tem services (Plieninger et al., 2013). Addition-
ally, there are few indicators available for as-
sessing CES, while numerous indicators are ac-
cessible for the measurement of other ecosystem 
services (Feld et al., 2009). As a result, CES valu-
ation is seen as a complicated process (Plienin-
ger et al., 2013). Although some valuation meth-
ods (choice experiments, willingness to pay) ex-
ist for tourism and aesthetic services, other com-
ponents of CES, such as religious and spiritual 
services remain resistant to monetary valuation, 
as these elements of CES are P (Chan et al., 2012). 
Thus, scientists have been struggling with inade-
quate valuation methods to display the signifi-
cance of CES and their role in human wellbeing 
(Kumar and Kumar, 2008).  

An additional challenge is the intangible charac-
ter of CES and their different estimation by vari-
ous stakeholders (Van Berkel and Verburg, 
2014). As opposed to other services of an ecosys-
tem, that can be measured based on the exist-
ence of humans (water supply and regulation 
services), CES are closely connected to personal 
and local value systems (Pejchar and Mooney, 
2009). 

As there is a lack of information about the value 
of CES, data about the landscape’s potential to 
provide these services are also deficit. As a re-
sult, in the procedure of planning and designing 
land use opportunities, CES are rarely taken into 
consideration. 

Landscapes of Uzbekistan are rich in providing 
various ecosystem services such as provision of 
food and timber. They also have a valuable role 
in affording non-material benefits, such as spirit-
uality or aesthetic values (Shukurov et al., 2005). 
Unfortunately, due to anthropogenic activities, 
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such as excessive use of agriculture, overgrazing 
of natural areas, and industrial activities, a ma-
jority of ecosystem services are being degraded 
(UNDP, 2015). Concerning the environmental 
condition of Uzbekistan, lack of knowledge of 
population about the values of CES have been 
pointed out in the National Report as one of the 
reasons of ecosystem degradation and unsus-
tainable use of these services (Samoylov et al., 
2008). 

Sufficient research on the landscape manage-
ment and its supply of CES is required to inform 
the decision makers. It was crucially important 
to conduct research in Uzbekistan, where the 
problem was not investigated yet in an appropri-
ate way. The administration of Ugam Chatkal Na-
tional Nature Park (UCNNP) highlighted some 
problems concerning degradation of some valu-
able landscapes and CES, such as: 

- Lack of knowledge about the existing land-
scapes of UCNNP  

- Lack of knowledge about CES and its elements 
provided by landscapes of the park 

- Insufficient information about supply of CES 
by different landscapes  

Some studies were carried out to analyze some 
components of CES, however, CES of UCNNP 
have not been learned systematically yet. Most 
studies have done a qualitative analysis, while 
their spatial distribution has hardly been inves-
tigated. Accordingly, a research objective is built 
to reduce these deficits to some extent and bring 
reasonable value to policy makers. 

 

Research Objective of the Study  
This research aims to study cultural ecosystem 
services in different landscapes of UCNNP by 
identifying and mapping the potential supply of 
four CES in the landscape as perceived by tour-
ists. To reach this goal, the following research 
questions were formulated: 

Research questions: 

- How the landscapes of UCNNP are spatially 
distributed? 

- How tourists perceive CES supplied by the 
landscapes of UCNNP?  

- What is the potential of UCNNP landscapes to 
provide CES? 

- Which sociodemographic factors influence 
the perceived supply of CES?  

 

Significance of the Research 
The majority of research is mainly focused on as-
sessing value and physical characteristics of eco-
system services in general. However, there is a 
lack of studies, directed to research CES in differ-
ent landscapes, considering public awareness 
and interests. Owing to a shortage of research re-
garding CES, irregular decisions under CES and 
landscapes are prone to continue. This research 
aims to study CES in different landscapes of 
UCNNP, Uzbekistan. Analysis of UCNNP’s cul-
tural services and their public perception is sig-
nificantly important to identify appropriate 
management strategies that would keep the bal-
ance between interests of key stakeholders. 
Mapping CES in different landscapes of the na-
tional park according to the perception of tour-
ists can be useful in the decision-making process, 
considering the importance of landscapes in 
providing various CES. Simultaneously, the ad-
ministration of UCNNP can use the research re-
sults as an effective tool in their management 
system. 

 

Study Area  

In 1990, the Ugam Chatkal National Nature Park 
was set up to preserve natural objects of the 
Western Tien Shan. The park has ecological, his-
torical, and aesthetic value, and is used for envi-
ronmental, recreational, educational, scientific, 
as well as cultural purposes. The total area of the 
national park is 574.6 thousand hectares, which 
was originally submitted to the State Forestry 
Committee (UNDP, 2015; Figure 1).  

The national park is located in the territory of 
Bostanlyk and Parkent districts of the Tashkent 
region. The majority of the area, consisting of 
329.4 thousand hectares, is covered with rocks 
and stony slopes while other parts consist of pas-
tures and hayfields, constituting to 177.3 thou-
sand hectares. The national park has a valuable 
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forest area which amounts to 56.4 thousand hec-
tares, and a small amount of the area is related to 
irrigation lands that equals to 1.61 thousand hec-
tares. The territory of the national park lies in the 
altitude range from 900 to 4,216 m and covers 
the low, middle, and high mountain belts of the 
Ugam, Maydantal, Pskem, and Koksay ranges, 
mid-mountains and high mountains of the Chat-
kal range. The territory of the park is dominated 
by medium and high-mountain landscapes with 
a dismembered relief. This is the largest pro-
tected area among nature reserves and national 
parks in Uzbekistan (Bensitova et al., 2014).  

 

 

Figure 1: The map of Ugam Chatkal National 
Nature Park 

 

Data Collection 
To obtain the tourists’ perception about the pro-
vision of the four CES (the opportunity of leisure 
activities, aesthetic beauty, spirituality, and cul-
tural heritage) and the relations of these services 
with different landscapes of the research area, a 
paper-based questionnaire was employed with a 
paper sheet which presented pictures of selected 
landscapes located in the region. Data was col-
lected in January and April 2017. A total number 
of 90 tourists were communicated in person at 
different touristic sites such as recreation areas 
(e.g. rope ways, mountains, skiing areas), public 
open spaces (e.g. marketplaces, play yards, ho-
tels, and as well as eating out places) and parking 
services areas in the national park. The locations 
were chosen by investigating stratified random 
sampling to get a sufficient amount of tourists. 
Stratified random sampling is a sampling 
method which can help stratify population based 
on homogenous characteristics of what is being 
stratified (Kumar, 2014). The sample population 
for the research was family and group tourists. 

Respondents were chosen randomly in each lo-
cation. Moreover, questionnaires were con-
ducted in various settings at different times and 
with different weather circumstances in order to 
reduce the level bias to a minimum level (as done 
by Zoderer et al., 2016). In order to show the 
landscape’s capacity to supply CES in the form of 
map, the landscapes of UCNNP were identified in 
different altitude zones. It was implemented 
with the help of Landsat image classification and 
its combination with the Digital elevation model 
(DEM). 

 

Landscape Pictures 
Particular landscape pictures, presented on a 
sheet (A4) format, was used for each of the six 
landscape types as a source for the survey. One 
of the reasons for using these specific photos was 
the attempt to reach the comprehensive cover-
age of the research area through directing the 
emphasis on various landscapes. Using pictures 
in landscape study has been adopted as an ana-
lytical tool (Daniel, 2001), but until now, this sort 
of practice was not applied adequately in ecosys-
tem research (López-Santiago et al., 2014; Zo-
derer et al., 2016). According to some empirical 
research, landscape assessment based on color-
ful pictures achieve similar outcomes as that are 
implemented on-site (Palmer and Hoffman, 
2001). Moreover, this method is considered as a 
cost-efficient and more comprehensive way to 
manage than organizing on-site trips (Kaplan, 
1985). 

 

Questionnaire 
Questionnaires were conducted during two sea-
sons: winter and spring periods. The reason for 
selecting these two seasons is that most tourists 
are passionate about spending their time on hol-
iday in winter when various activities are availa-
ble such as skating, skiing, riding a horse, and 
others. The spring season is also an appropriate 
period for visiting the national park. This is due 
to the fact that the weather in spring is adequate, 
neither hot nor cold, and the area is covered with 
green grass and flowers. Therefore, most tour-
ists visit UCNNP to relieve them from their daily 
stress and depressions in this period of time. The 
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survey started with an introduction into and de-
scription of the CES framework and the purpose 
of this study. Tourists spent approximately 10–
15 minutes answering the questionnaire. The 
questionnaire included four sections (Figure 2). 

The first part of the questionnaire involved a 
brief description of the research and the term 
“cultural ecosystem services.” In the second part 
of the questionnaire, tourists were kindly re-
quested to specify their perceived significance of 
CES supplied by UCNNP. In order to implement 
this, Likert Scale questions were created with a 
value from 1 (not important at all) to 5 (very im-
portant) and tourists were requested to indicate 
the importance of each cultural service from this 
range. The third section was the focal point of the 
questionnaire. With the help of the picture sheet 
explained above, tourists were asked to show six 
landscapes’ capability to provide CES (yes/no). If 
tourists specified a specific service in a particular 
landscape, they were requested to evaluate the 
level of the services provision on a scale ranging 
from 1 (very little) to 5 (very much). The final 
section of the questionnaire was devoted to soci-
odemographic factors (i.e. gender, culture, place 
of residence, age, education, environmental be-
havior, and their experience with UCNNP). 

 

Satellite Images 
The data used in the study involves a Landsat 8 
OLI raster image (Figure 3) obtained from the 
open Internet sources of the Product Generation 

System at the United States Geological Survey 
(https://earthexplorer.usgs.gov/).  

It is important to note that Landsat is an opera-
tional imaging system and each scene is ordered 
in a so-called World Reference System (WRS2), 
where Ugam Chatkal National Nature Park is sit-
uated within the scene with path 153; rows 31. 
The spatial resolution of Landsat 8 OLI images 
fluctuates between 15 m in panchromatic band 8 
(PAN) and 30 m in rest of the bands, including 
thermal infrared bands, which are obtained at 
100-meter resolution, subsequently resampled 
to 30 meter in delivered data product.  

The estimated scene size is 170 km north-south 
and 183 km east-west (106 mi by 114 mi). Tech-
nical defaults and heavy cloud cover limited the 
amount of useable images. To cover the period 
with the highest vegetation values, only the sat-
ellite images from March to October 2016 were 
taken and the main reason for choosing this pe-
riod of time is the lack of cloud in the image. Con-
sequently, only the image from August 26, 2016 
was available in a sufficient cloud-free condition. 
To implement classification on a particular date 
image, it is not necessary to carry out atmos-
pheric correction for classification on a particu-
lar date image if it is cloud-free, which is the case 
in this study (Gong and Howarth, 1990; Song et 
al., 2001). In addition to raster image, the digital 
elevation model (DEM) was acquired from the 
Advanced Spaceborne Thermal Emission and 
Reflection Radiometer ASTER (Figure 4). 

 

 
Figure 2: Overview of questionnaire parts

 
 

  

A brief description 
of the research and 

the term of CES

Identifiying the 
importance of CES 

for tourists' decision 
to visit to UCNNP 

Evaluating the 
landscape's 

potential to supply 
CES based on 

tourists' indication 
of YES/NO

Analysis of Socio-
demographic factors 
such as gender, age, 

education level
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The ASTER GDEM covers land surfaces between 
83°N and 83°S and is composed of 22,600 1°-by-
1° tiles. The ASTER GDEM is in GeoTIFF format 
with geographic lat/long coordinates and a 1 
arc-second (30 m) grid of elevation postings. 

 

 

Figure 3: Landsat image of Ugam Chatkal 
National Nature Park 

 

 
Figure 4: Digital elevation model of Ugam 

Chatkal National Nature Park 

 

Spatial Distribution of Landscapes in 
UCNNP 
To reach an appropriate answer to the second re-
search question “How are the landscapes of 
UCNNP spatially distributed?” the land cover and 
land use classification system was applied to re-
flect the major land cover types in this area with 
reference to UCNNP. To carry out supervised 

classification Maximum Likelihood (ML) algo-
rithm ArcGIS software version 10.3 was used.  

Figure 5 presents the result of LULC classifica-
tion and overall five classes of LULC were deter-
mined, including water, forest, residential area, 
seasonal vegetation, and vegetation.  
 

 
Figure 5: Land cover and land use map of Ugam 

Chatkal National Nature Park 
 

In Figure 6, the relief of the UCNNP was demon-
strated and a map was developed using the Digi-
tal Elevation Model (DEM) of the area. 

 

 

Figure 6: Relief map of Ugam Chatkal National 
Nature Park 

 

In order to define the prevalence of the LULC 
through relief of the UCNNP, the above received 
results have been combined, and given below, 
Figure 7.  
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Figure 7: Land cover and land use types through altitude classes in Ugam Chatkal National Nature 
Park 

 
Figure 8: Importance of cultural ecosystem services of Ugam Chatkal National Nature Park as 

perceived by tourists (N=90) 

 

After having combined the relief and LULC of 
UCNNP, 16 classifications were observed. It can 
be understood from this classification that five 
types of classified LULC are located in different 
altitude zones of the national park.  

 

The Perceived Supply of Cultural Ecosys-
tem Services 
The questionnaire results revealed tourists’ per-
ceived CES supplied by the landscapes of UCNNP. 
Quite positive answers were achieved depending 
on respondents’ perception. Tourists valued 
each CES from their personal perspective and 
their perception of these services during their 
stay in the national park.  

Aesthetic beauty of the national park was highly 
appreciated by tourists, and more than half of 
tourists indicated aesthetic beauty as a very im-
portant reason for their visit to the national park 
(Figure 8). 

Following, recreational activities and spirituality 
of UCNNP were ranked as equally important rea-
son for their visit to the area, constituting 38.9%. 
In the meantime, cultural heritage of the national 
park was also valued as an important reason for 
their stay in the national park. In other words, all 
cultural services of the ecosystems, which are 
supplied by UCNNP, played a significant role in 
tourists’ decision to visit UCNNP, however, aes-
thetic beauty was highlighted as the most im-
portant factor in their decision. 
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Furthermore, questionnaire analysis manifested 
that CES of the UCNNP has a close bond with the 
landscapes of the national park. When tourists 
were planning their holiday in UCNNP, they 
highly considered all CES as an important feature 
of the landscapes. According to the analysis of 
the questionnaire, slight differences can be de-
tected in tourists’ perception. In particular, the 
recreational activities of the landscapes of 
UCNNP (x̅ = 3.71) and aesthetic beauty (x̅ = 3.66) 
were highly recognized services, whilst spiritu-
ality (x̅ = 3.61) and cultural heritage (x̅ = 3.57) 
were perceived to be less worthwhile. Figure 9 
describes the number of tourists associating the 
CES with the landscape types. 

 
Figure 9: The tourists’ perceived supply of the 
cultural ecosystem services in the landscape. 

(N=90) 

 

The majority of respondents pointed out that 
they perceive more CES in certain landscapes, 
namely in natural lakes, traditional meadows, 
and forests of the UCNNP, in contrast to pastures 
and residential places of the area. Aesthetic 
beauty was mostly associated with natural lakes, 
forests, pastures, and traditional meadows, 
while recreational activities were mainly re-
ferred to high mountains and natural lakes. Like-
wise, high mountains and forests of the national 
park were accepted as the most capable land-
scapes in providing cultural heritages. Based on 
the tourists’ perception of CES, spirituality was 
frequently discovered from forests and tradi-
tional meadows. 

 

Mapping the Potential of the Landscape 
to Provide CES 
In order to create a landscape map, some of the 
related classes from LULC’s 16 classification re-
sults (Figure 7) were combined in accordance 
with the description of each landscape type. This 
procedure was implemented with the help of the 
raster calculator tool of the ArcMap 10.3.1. The 
merged classes are presented in the table below: 

 

Table 1 

Combination of landscape classes 
Landscapes Combined classes 
Mountains Seasonal vegetation (above 3,500 m) 

and forest (above 3,500 m) 
Meadows Vegetation (2,500–3,500 m) and forest 

(2,500–3,500 m) 
Residential 
areas 

Residential area (above 3,500 m), 
residential area (2,500–3,500 m), 
residential area (1,200–2,500 m), 
seasonal vegetation (1,200–2,500 m), 
residential area (below 1,200 m) and 
vegetation (below 1,200 m) 

Pastures Vegetation (1,200–2,500 m) and 
seasonal vegetation (1,200–2,500 m) 

Forest Forest (1,200–2,500 m) 
Natural lakes Water (1,200–2,500 m), water (below 

1,200 m) and forest around the lake 
(below 1,200 m) 

 

It should be noted that in our classified map, any 
unclassified pixels were not identified. It can be 
observed from the landscape image (Figure 10) 
that the highest amount of vegetation is detected 
at the highlands, and as well as in midlands, with 
the altitude of about 1,200 and 3,500 meters, 
while seasonal vegetation is located in the high-
lands and midlands. The seasonal vegetation is 
characterized being vegetated in seasons of 
spring and summer, while in the autumn and 
winter it stays in the form of bare soil. The main 
water reservoir “Charvak” is placed at the mid-
lands with an altitude from 1,200 to 2,500 me-
ters.  
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Figure 10: Landscapes of Ugam Chatkal 

National Nature Park 

 

 
Figure 11: Recreational activities (agreement 

%) 

 

To present the hotspots and cold spots of each 
CES, a proportion of the respondents’ perception 
was translated into the landscape image to show 
their capability to supply the services.  

Figure 11 describes that natural lakes and high 
mountains of the UCNNP, which are placed in the 
highlands and midlands of the area, were as-
signed to have high opportunity for leisure activ-
ities. In particular, natural lakes, were found as 
the major supplier of recreational activities by 
constituting 86.7% of positive responses. Corre-
spondingly, the northeastern part of the UCNNP, 
where high mountains (above 3,500) are located, 
was also graded highly and amounted to 82.2% 
of positive responses of the tourists. Landscapes, 

such as residential areas, traditional meadows 
and pastures were mentioned as having reason-
able role in providing recreational activities, 
however, compared to highly prioritized land-
scapes, they have a lesser capability of giving the 
services as evaluated by tourists. 

In general, all landscapes of the national park 
were mentioned as having an aesthetic beauty. 
In particular, the midlands of the national park 
were admitted as the most potential landscapes 
for supplying aesthetic beauty. Based on the 
highlights of the tourists, landscapes of the na-
tional park were considered to be a provider of 
an abundant aesthetic beauty. In the meantime, 
it is imperative to mention that 100% of agree-
ment was achieved in the aesthetic beauty of the 
natural lakes. Excessive amount of aesthetic 
beauty was also scattered over other landscapes. 
High mountains gained less agreement as op-
posed to other landscapes, however, it obtained 
87.8% of respondents’ agreement (Figure 12).  

 

 
Figure 12: Aesthetic beauty (agreement %) 

 

The likelihood of cultural heritage provisioning 
was frequently seen in the northeastern part of 
the national park as it hosts high mountains; 
particularly, opposed to natural lakes and 
forests, high mountains was the most preferred 
landscape to attain the service. Besides that, in 
the midlands of the area, traditional meadows 
and pastures played a significant role for 
perceiving cultural heritage. Whilst the 
southwestern part of the area, where the villages 
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are located, were conceded to be the least 
potential land use type for the provision of 
cultural heritages. High mountains were scored 
with the highest mark of “very much.” 
Traditional meadows were pointed out as the 
second most capable area for the provision of 
cultural heritage. However, in the overall yes/no 
answers, proportions showed that forests and 
natural lakes are more capable than traditional 
meadows and pastures. Forests were 
predominantly highlighted with the category of 
“much” (Figures 13 and 14). 

 

 

 

Figure 13: Spirituality (agreement %) 

 

Figure 14: Cultural heritages (Agreement %) 

 

Factors Influencing the Perceived Supply 
of Cultural Ecosystem Services 
Sociodemographic Factors 

Sociodemographic characteristics of respond-
ents are presented in Table 2, according to which 
many of the respondents are young people of 18-
–25 years old (35.6%), followed by the age group 
of 36–45 years old (27.8%) and 26–35 years old 
(20%). Females embrace 51% of the overall dis-
tribution. With regards to nationality, most of the 
respondents were Uzbek (55.6%) and other na-
tionalities such as Kazakh, Tajik, and Kyrgyz 
(23.3%) as well as Russian (18.9%); respond-
ents of English speaking nationalities were 
hardly met.  

 

Table 2 

Sociodemographic characteristics of the re-
spondents (N=90) 

Respondent profile N % 
Age of the tourists    

18–25 32 35.6 
26–35 18 20.0 
36–45 25 27.8 
46–55 15 16.7 

Gender   
Male 44 48.9 
Female 46 51.1 

Nationality   
Russian  17 18.9 
Uzbek 50 55.6 
English  2 2.2 
Other (Kazakh, Tajik and Kyrgyz) 21 23.3 

Education level   
Lower secondary school  1 1.1 
Upper secondary school  45 50.0 
University  44 48.9 

Environmental education   
Not any education 3 3.3 
Little 19 21.1 
Average 57 63.3 
Good education 11 12.2 

Environmental organization membership   
Yes 9 10 
No 81 90 
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Table 3 

The influence of the respondents’ sociodemographic background on the perceived supply of cultural 
ecosystem services 

 Recreational 
activities OR 

Aesthetic beauty 
OR 

Spirituality OR Cultural heritage 
OR 

Socio demographic characters    
Gender     
Male 0.81 0.64 1.04 0.79 
Female - - - - 

Age     
18–25 1.39 0.91 0.66 1.44 
26–35 1.44 2.51 0.65 0.95 
36–45 0.87 1.55 0.72 1.05 
46–55 - - - - 

Nationality     
Russian 1.72 0.58 0.95 0.87 
Uzbek 1.86* 0.60 0.92 1.04 
English 0.82 0.60 0.80 1.37 
Others - - - - 

Education level     
Lower secondary school 0.53 0.54 1.10 0.00 
Upper secondary school 0.89 2.39* 0.91 0.73 
University - - - - 

Environmental behavior     
Environmental education     

No 1.15 0.25 1.02 1.59 
Low 0.81 0.76 1.13 1.34 
Enough 0.76 0.65 0.87 1.69 
Good - - - - 

Membership of environmental organization    
No 0.74 0.69 1.22 0.48 
Yes - - -  

Experience with the landscape    
Stays in UCNNP     

Never before 0.49 2.43 1.13 0.55 
Sometimes 0.46 1.69 1.04 0.75 
Often 0.66 2.86 1.12 0.68 
Very often - - - - 

Note: OR = Odds ratio. Odds ratios are shown in bold and are marked with a * at a significance level of p ≤ 0.05. Not significant 
variables are not shown. 
Generalized linear mixed model with binomial logit function 

 

The education level of participants showed that 
the majority of them had upper secondary school 
level (50%) and university degrees (48.9%), 
while lower degrees was only 1.1%. The environ-
mental education of interviewees was mainly av-
erage (63.3%). Little knowledge owners consti-
tuted 21.1%, while 12.2% respondents had a 
good education. The majority of respondents 
(90%) were not a member of any environmental 

organization while the minority of them (10%) 
had a membership.  

 

Factors Influencing the Perceived Supply 
of Cultural Ecosystem Services 
Statistical analysis showed associations between 
sociodemographic characteristics and respond-
ents’ perception about the supply of CES in the 
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landscape. The results underline the influential 
factors, which can determine the tourists’ attrib-
ution to CES in landscapes. Although the majority 
of factors proved to be relevant concerning the 
perception of CES, some features had a signifi-
cant role in predicting the perception of CES (Ta-
ble 3). 

It can be concluded from the table that female 
tourists as opposed to male tourists were more 
likely to associate CES with recreational 
activities, aesthetic beauty, and cultural heritage 
with the landscape; while male tourists were 
found to interlink spiritual services with the 
landscapes. There were considerable differences 
in the perception of CES in landscapes of UCNNP. 
Tourists in the 18 to 35 years old group were 
more prone to perceive recreational and cultural 
heritage in landscapes, than older age tourists. 
Spiritual services of landscapes were highly 
valued by the 45–55 years old group, whereas 
aesthetic beauty of the national park’s 
landscapes was appreciated by tourists whose 
age was between 26 and 45 years old.  

Nationality played a significant role in tourists’ 
perception of recreational activities. In 
particular, tourists who were Uzbek had a 
significant effect on attaining recreational 
services of the landscapes. Furthermore, Russian 
tourists were considered as having high 
appreciation of recreational services. 
Surprisingly, aesthetic beauty and spirituality of 
landscapes were mostly grasped by other 
nationality groups, while cultural heritage was 
associated with landscapes by Uzbek and English 
tourists.  

The upper secondary school level of tourists 
played a significant role in their perception of 
aesthetic services of the landscapes. Besides, the 
higher the tourists’ educational degree, the 
higher was the likelihood to perceive the 
landscapes’ recreational value, aesthetic value, 
and cultural heritage. It is interesting to note that 
tourists who had lower environmental education 
were more likely to obtain spiritual value and 
cultural heritage of the landscapes than people 
with a higher education. Respondents who were 
members of an environmental organization 
appreciated the landscape mainly for its 
recreational value, aesthetic value, and cultural 

heritage rather than its spiritual services and 
they were more capable of perceiving these 
services opposed to non-members of 
environmental organizations. Apart from that, 
the tourists who had less experience with the 
landscapes of the UCNNP had more tendency of 
perceiving the spirituality and natural beauty of 
the national park, in contrast to the tourists who 
had visited the area many times before. 

 

Discussion  
This part of the study contains three key argu-
ments regarding the research. In the first part of 
the discussion, weaknesses of the research in 
methodology and uncertainties in the outcomes 
are highlighted. Second, the validity of the study 
is discussed. Third, a comparison of the recent 
research with other studies is provided. 

Methodological framework, which is applied for 
this research, provided evidence about the tour-
ists’ perception of CES. Findings highlight the re-
lationships between land use type and respond-
ents’ perception of the services. In the practice, 
applying a photo-based questionnaire and the 
successive formation of maps demonstrated that 
these methods are easy to manage and flexible 
tools, which can be spread among other stake-
holder groups and regional areas. Through the 
spatial integration of the tourists’ perception, 
valuable information about potential areas for 
tourism development can be obtained to provide 
local decision makers with sufficient amount of 
information about future landscape manage-
ment (Scolozzi et al., 2014). Furthermore, 
through this method, we could learn about the 
unwanted results, generated by change of land 
use, and aspects where the pressure between lo-
cals and tourists could be alleviated. 

Some weaknesses were encountered in some 
similar studies, which were faced during the sur-
vey. In order to overcome those limitations, 
some strategies were taken which are listed be-
low: 

- Translating from one language to another. 
Studies, which are based on the analysis of 
public perception, require the questionnaires 
to be used. Many studies unfold that for-
mation of questionnaires and its translation 
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to another language might impact on people’s 
understanding the purpose of the survey 
(Chang et al., 1999; Ervin et al., 1952). The 
translation of the questionnaire into Uzbek 
language could change the main meaning of 
the questions. In order to lessen this issue, 
survey questions were translated very care-
fully. Once questions were translated into Uz-
bek language, they were experimented on in a 
pilot study, where a number of fellow stu-
dents were surveyed in advance, to check 
whether respondents understood them cor-
rectly. After identifying what was inade-
quately formulated in the questionnaire, they 
were reorganized accordingly by modifying 
the translation and using suitable words to 
describe. 

- Limitations of landscape pictures. In some 
studies, where pictures of landscapes were 
used, lack of landscape pictures were the 
main concern (Plieninger et al., 2013; Zoderer 
et al., 2016) which happened in the survey. 
Therefore, pictures, which were chosen for 
the description of landscapes, were also 
tested in a pilot survey with some of the re-
spondents. Afterward, it has been realized, 
the selected six pictures of six landscape 
types restricted the consideration of site-spe-
cific characteristics of landscape types. Like-
wise, these aspects were mentioned as a con-
siderable issue in the research carried out by 
Zoderer et al. (2016). To overcome this issue 
and get valuable data, colorful pictures of 
landscapes were printed out. Furthermore, 
extra pictures of six landscapes were taken 
for tourists’ better visualization of those land-
scapes. 

Besides that, there is an uncertainty on whether 
tourists grasp the concept entirely and point out 
the importance of CES depending on their com-
prehension. In some cases, they were confused in 
differentiating the terms used in the question-
naire such as aesthetic beauty and spirituality. 
Therefore, descriptions of each CES were de-
scribed with examples until tourists obtain the 
meaning of each term used in the questionnaire. 
This undertaken action assisted respondents to 
comprehend questions clearly and answer them 
correctly. As a result, reliable and valuable data 
were acquired.  

Research, which is based on public perception, 
usually involves a high rate of uncertainty (Lind-
sey and Norman, 1977). These uncertainties oc-
cur due to many intervening variables that can 
potentially influence the results. Although the re-
search involves some limitations, which were de-
scribed above, the outcomes are applicable be-
cause the survey questions were formed after 
having reviewed several literatures (Daniel et al., 
2012; Plieninger et al., 2013; Zoderer et al., 
2016). At the same time, studying the methodol-
ogies of different researchers became pivotal to 
improving the validity of the survey. Comparison 
of different works, which are related to my re-
search, (Daniel et al., 2012; Plieninger et al., 
2013; Scolozzi et al., 2014; van Berkel and Ver-
burg, 2014; Zoderer et al., 2016) helped to in-
crease the reliability of the work.  

According to the attained results, CES have a 
considerable role in attracting tourists to the 
national park. The research results 
demonstrated similar results achieved by 
Zoderer et al. (2016) and van Berkel and Verburg 
(2014), that recreational opportunities and 
aesthetic beauty of landscapes were given a high 
value by respondents while spirituality and 
cultural heritage gained lesser importance. 
However, the difference between perceived CES 
in this research was not remarkably high, while 
research pursued by Zoderer et al. (2016) 
pointed out considerable differences between 
perceptions of CES. Which means all cultural 
ecosystem services have an important role in 
taking the attraction of tourists. Implemented 
studies by Plieninger et al. (2013) and 
Fagerholm et al. (2012) support my 
investigation in the research that tourists 
certainly associate CES with spatial structure 
and their appreciation indeed changes 
depending on the CES and landscape types 
applied. Studies conducted to identify people’s 
preferences of CES emphasized mostly on the 
term of natural beauty, while the clear 
association between tourists’ appreciation and 
other components of CES was rarely included 
(van Berkel and Verburg, 2014). Obtained 
results in this research eased the issue to some 
extent by involving four components of CES. 

Further information about the spatial 
localization and magnitude of CES providing 
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areas were derived through the creation of maps 
(Burkhard et al., 2014). Natural landscapes such 
as high mountains, forests, and natural lakes 
were highlighted to be hotspot areas for the 
provision of recreational activities, aesthetic 
beauty, and cultural heritage values.  

Different researchers have displayed variance in 
the factors such as respondents’ gender, age, 
educational background, and others (Howley et 
al., 2012; Plieninger et al., 2013; van Berkel and 
Verburg, 2014). Derived results of this study 
unfold that each respondent perceives CES 
variously based on their nationality, age, gender, 
and educational background. Statistical analysis 
reveals that perception of CES varies depending 
on the gender. Similar to other studies (Howley, 
2011; Plieninger et al., 2013; Zoderer et al., 
2016), results disclose that female respondents, 
in the contrary to males, more readily 
appreciated the landscapes for non-material 
benefits. In some related studies, age variable 
was found as a statistically significant factor for 
tourists’ appreciation of landscapes for the 
provision of CES (Van den Berg and Koole, 2006; 
van Berkel and Verburg, 2014), while this 
significance was not detected in this study. 
Instead, the research results reveal that 
nationality of tourists and their educational 
background that have a significant importance in 
association of CES with the landscapes. Although 
having the important role of some factors related 
to environmental behavior and experience with 
landscape in tourists’ perception, no significant 
influence is found in relation to these variables.  

 

Conclusion  
In this study, a framework was tested to identify 
and map the CES provision based on the 
perception of tourists in the national park.  

To determine the supply of CES in the landscapes 
of UCNNP, four categories of cultural ecosystem 
services were addressed, such as opportunity for 
leisure activities, spirituality, aesthetic beauty, 
and cultural heritages of the six types of 
landscapes, which are high mountains, 
traditional meadows, residential areas, pastures, 
forests, and natural lakes of UCNNP. Results 
based on annual reports and local publications 

represent that the aesthetic beauty of the 
national park lays on each landscape and every 
year, thousands of tourists are fascinated by the 
natural beauty of the area. Furthermore, high 
mountains of the national park enable the 
provision of all listed CES. In particular, they 
welcome most of the tourists by offering a 
multitude of recreational activities (e.g. skiing, 
hiking, climbing, horseback riding, etc.), spiritual 
services (old monuments to pray), aesthetic 
beauty, and cultural heritages. Water activities 
such as swimming, boating, yachting, and other 
activities are found in natural lakes of UCNNP, 
where most tourists usually visit to practice 
water-related sporting activities. Apart from 
that, different ancient monuments and holy 
places are located near the natural lakes where 
tourists practice their worships and 
simultaneously enjoy the cultural heritage of the 
landscape. 

Forests are found to be a very suitable place for 
organizing various scientific tours for tourists. 
However, it has been witnessed from the 
personal observation that forests and traditional 
meadows are not active in providing 
recreational activities, while they are used for a 
unique value in provision of spirituality, 
aesthetic value, and cultural heritage. 
Residential areas are also popular among most of 
local tourists with the provision of recreational 
activities and cultural heritages. Traditional 
activities and games are arranged in pastures for 
local tourists, however, the spiritual value of the 
landscape is not mentioned neither in local 
articles nor in reports of UCNNP. There is a room 
for improvement of numerous mediation 
activities in pasture zones such as Yoga for the 
local tourists who are coming only with the aim 
of praying. If other activities are introduced to 
the area, tourists can get spiritual benefits from 
other activities as well. Recommendations can be 
addressed to the national park administration to 
organize more recreational activities to attract 
tourists’ attention and the value of the landscape.  

The second objective was to detect physical 
characteristics and to attain an enhanced 
overview of the area together with spatial 
distribution of landscape units. It became 
evident from the analysis that a minor portion of 
the UCNNP consists of water reservoirs, showing 
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quite small amounts compared to other 
landscapes’ area coverages. In contrary, the 
seasonal vegetation covers a huge area. 
Dominating altitude zones in the area are 
between 1,200–2,500 masl, which is the 
midlands of the national park, and altitude zones 
between 2,500–3,500 masl are the second 
leading zones. 

 A further goal was to analyze the tourist’s 
perception of CES. This analysis was obtained 
from the results of the survey. Local and foreign 
tourists were asked to represent the role of CES 
for their decision to visit to UCNNP. The main 
finding of the research question is that aesthetic 
services are the most valued, whereas cultural 
heritage are the least important factor in their 
decision to travel the park. Recreational and 
spiritual services of the area have also a 
substantial role in the attraction of tourists. 
Furthermore, based on the results, association of 
four CES with landscapes were identified. 
Apparently, in contrast to pastures and 
residential areas, natural lakes, traditional 
meadows, and forests are highly linked 
landscape types with all CES.  

Depending on the tourists’ perception, the 
landscape’s capability to supply CES was 
mapped. Results reveal that all landscapes have 
a considerable importance offering diverse CES. 
Capacity of the midlands (natural lakes) 
appeared to be among the most valued 
landscapes in terms of recreational activities and 
aesthetic beauty, while the highlands of the area 
(high mountains) are marked as the supplier of 
recreational and cultural heritage. Spiritual 
benefits are mostly associated with traditional 
meadows and forests. Currently, however, these 
landscapes are put at risk by polluting these 

areas. Therefore, there is need for a 
comprehensive management tool to save the 
natural beauty of the area. It could be an option 
for the administration of the national park to 
introduce payment for ecosystem services (PES) 
to areas with high provision.  

Statistical analysis (generalized linear mixed 
model with binomial logit function) helped to see 
the correlation between tourists’ perception and 
the sociodemographic characteristics such as 
respondents’ age, gender, nationality, 
educational level, environmental behavior, and 
experience with the landscape of the area. 
Research calculations demonstrated that level of 
education along with the nationality of 
respondents are among the most considerable 
factors, explaining the association of CES with 
landscapes. Other factors such as respondents’ 
age, gender, and environmental behavior proved 
to be relevant but they did not show any 
significance toward the association of CES with 
the landscapes. Based on the results, it can be 
suggested to organize different workshops, 
seminars, and conferences about UCNNP 
landscapes and its vulnerable services, 
cooperating with researchers and institutions. 
These sorts of activities can facilitate for all 
people regardless of their age, gender, and 
nationality to understand the term CES and its 
association with landscapes. 

The research results, which are mentioned 
above, enable to reveal the tourists’ perception 
of CES that lay on different landscapes of the na-
tional park. These analyses can be helpful for de-
cision makers in shaping future management 
strategies over the landscapes’ of UCNNP and 
simultaneously considering visitors’ opinions. 
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Abstract. Zinc oxide is a promising material for the fabrication of thin film layers 
for a new generation of photovoltaic devices and solar thermal collectors, due to 
the unique optical and electrical properties as well as the propensity to form fil-
amentous one-dimensional submicron structures, namely nanowires, nanorods, 
nanotubes, nanobelts, and hierarchical nanostructures with developed surface 
and projected superhydrophobicity. We identified the possibility for a develop-
ment of planar single-layer antireflection coatings and/or arrays of nanorods of 
this material as having the shape of hexagonal prisms, and demonstrating the 
moth eye effect on the substrates of transparent conductive tin dioxide and on 
silicon wafers with embedded homojunctions. The optimization of the pulsed 
electrodeposition of zinc oxide arrays adjust the size of parabolic nanonipples 
for the implementation of antireflection coatings with the moth eye effect on var-
ious substrates, including flexible. The antireflection coatings will be developed 
for thin-film photovoltaic devices of substrate configuration based on kesterite, 
tin sulphide, and fullerene layers, for the cadmium telluride based photovoltaic 
cells with bilateral sensitivity of superstrate configuration on the flexible sub-
strates and for optoelectronic devices based on zinc selenide for the ultraviolet 
spectra. 
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Introduction 
Zinc oxide is a promising wide-gap material, 
which has the ability to achieve high concentra-
tions of intrinsic defects (oxygen vacancies and 
interstitial zinc atoms), which allows to vary the 
optical properties, conductivity of the medium, 
and luminescent characteristics. 

Recently, in theoretical studies and in practice, 
there has been an increased interest in multi-
layer systems incorporating p/n–ZnO structures, 
which is due to their possible practical applica-
tion as high-transparency electrical contacts and 
buffer layers in thin-film solar cells (Deo et al., 
2012; Jiang et al., 2013; Kang et al., 2015; Ken-
nedy et al., 2014; Musselman et al., 2011; Rah-
mani et al., 2017; Sathyaseelan et al., 2016). 
Thus, the actual task is to develop a technology 
for the production of crystalline film p/n–ZnO 

structures with a variable concentration of in-
trinsic defects. In particular, it is interesting to 
develop layered systems for thin-film transduc-
ers in the formation of A2B6 films between p/n–
ZnO layers. 

The aim of this work is obtaining hierarchical 
structures of ZnSe/ZnO and to study their prop-
erties. 

 

Experimental Procedure 
Zinc selenide films were obtained by electro-
chemical sintering from alkaline electrolytes: 
zinc layers from an alkaline galvanizing electro-
lyte preliminarily deposited on a metal sub-
strate. Then, the zinc substrate was selenated in 
the electrolyte of the following composition: 1–3 
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M solution of NaOH, 0.5M Se. The selenification 
temperature is 80°C, the selenium time is 5–40 
minutes. The cathode current density was varied 
in the range 50–150 mA/cm2. The ZnO film on 
the surface of ZnSe layers was formed by oxyla-
tion of zinc selenide in air. The oxidation temper-
ature was varied in the range 300–400°C, the du-
ration of oxidation was up to 1 h. 

 

Results and Discussion 
The formation of zinc selenide on the surface of 
the electrode was confirmed by the results of X-
ray diffraction analysis: reflection reflections 
were observed in the diffractograms, which can 
be attributed to the sphalerite modification of 
zinc selenide. From the 1M solution at a low cath-
ode current density (50 mA/cm2), films formed 
by spherical-shaped agglomerates with dimen-
sions of 0.5–1.2 μm were formed. With increas-
ing cathode current density and selenium time, a 
decrease in the size of the agglomerates (less 
than 100 nm) was observed. With an increase in 
the concentration of alkali and low current den-
sities, an increase in spherical agglomerates to 2 
μm was observed (Figures 1 and 2). An increase 
in the current density and the time of selenium 
in the 3M NaOH solution led to the formation of 
a film in the form of individual agglomerates 
with dimensions up to 5 μm (Figure 1d and Fig-
ure 2d). 

The thickness of the films (Figure 3) increased 
with increasing deposition time and current den-
sity, reaching 5 (1M NaOH, 150 mA/cm2) and 
10.5 μm (3M NaOH, 150 mA/cm2). Two sections 
of the curve were distinguished on the curves: on 
the first, there was an intensive growth of the 
film thickness (deposition up to 10 min at Jk = 
0.05 A/cm2 and up to 20 min at Jk = 0.15 A/cm2); 
on the second, the growth of the film thickness 
was significantly slowed down. 

Figure 1: Microphotographs of zinc selenide 
films obtained in a 2M NaOH solution at a cur-

rent density (mA/cm2) and seleniding time 
(min), respectively: a) 50 mA/cm2, 15 min; b) 

150 mA/cm2, 15 min; c) 50 mA/cm2, 60 min; d) 
150 mA/cm2, 60 min 

 

Figure 2: Microphotographs of zinc selenide 
films obtained in 3M NaOH solution at current 

density (mA/cm2) and seleniding time (min), re-
spectively: a) 50 mA/cm2, 15 min; b) 150 

mA/cm2, 15 min; c) 50 mA/cm2, 60 min; d) 150 
mA/cm2, 60 min. 
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Figure 3: Dependence of film thickness on dep-
osition time at 150 mA/cm2 current density and 
a concentration of NaOH of 1 mol/L (a), 2 mol/L 

(b) and 3 mol/L (c) 

 

This slowing of the growth of the film was asso-
ciated with an increasing difficulty in the diffu-
sion of selenide ions through the growing film. 
An analysis of the polarity of thermo-emf 
showed that all films had a p-type conductivity. 
Irrespective of the conditions of selenium, the re-
sistivity of the films varied between 105 and 106 
Ohm·m. 

Zinc oxide films were formed by oxidation of zinc 
selenide by heating in air. The oxidation regime 
was chosen so that the part of the film of selenide 
adhering to the metal substrate retained its 
structure and phase composition, and the oxida-
tion occurred only on the surface of the film. The 
formation of zinc oxide was confirmed by IR 
spectrometry (Figure 4). In the IR spectra of 
films annealed at temperatures above 300°C, an 
absorption band of 422 cm-1 was observed, 
which is associated with vibrations of the Zn–O 
group. 

The dark volt-ampere characteristic of the syn-
thesized ZnSe/ZnO heterosystem is shown in 
Figure 5. The asymmetry of the current-voltage 
characteristic indicates that as a result of oxida-
tion of the surface of the zinc selenide film in the 
interphase boundary region, a p-n junction was 
formed that effectively separates the light-ex-
cited charge carriers, ensuring the functioning of 
the system as a photoconverter. 

 

 

Figure 4: IR spectrum after annealing at 350°C 
(a) and 400°C (b) for 30 and 7 minutes, respec-

tively. 

 

 

Figure 5: Volt-ampere characteristic of synthe-
sized ZnSe/ZnO heterosystem. 

 

Conclusions 
The following ways to improve the results of 
these studies are by developing the design of 
multilayer selective coatings for the solar ther-
mal collectors with record optical properties in 
which the selectivity will be improved by the use 
of zinc oxide arrays. The combination of the anti-
reflection properties of the surface with its self-
cleaning properties is particularly important in 
the operation of solar power products with large 
areas and will have a major economic effect. 
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Abstract. The paper provides some explanations and best practices for two 
questions: What factors influence the adoption of environmental policies and 
regulations as a strategic asset? How do local governments better manage their 
environmental policies on a global basis? The United Nations has raised interna-
tional awareness and has made their best effort to implement such plans to re-
solve climate change and global warming concerns. There are various talks 
about the connection between business and geopolitics in regard to climate 
change and environmental responsibility. Through these talks, we find that na-
tional culture and political forces can substantially affect all policy functions and 
there are many ways the national culture and geopolitics can affect the adoption 
of environmental policies. Interestingly, the environmental policies seem to fa-
vor rather big companies and developed countries that have the financial re-
sources to adopt the policies, while small companies and developing countries 
are seemingly left in the dust. Having a strong understanding and flexible solu-
tion to the problem is immensely required. Bringing all stakeholders into the en-
vironmental conversation can greatly benefit business, local governments, and 
international community as well. The findings of the study may help local gov-
ernments formulate better effective environmental policies complying with the 
international standards. 
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Introduction 
Most climate scientists agree that an overload of 
greenhouse gas emissions is causing global 
warming and climate change. The fossil fuels we 
burn for energy—coal, oil and gas—plus forest 
destruction are the main culprits. The danger lies 
in how human activity is rapidly increasing 
greenhouse gases in the atmosphere. With the 
start of the industrial revolution, humans began 
to burn vast amounts of fossil fuels for power 
and heat. When burned, these carbon-containing 
fuels release carbon dioxide and other green-
house gases. They build up in the atmosphere, 
ramping up the natural greenhouse effect. This 
traps more heat and raises the planet’s surface 
temperature.  

Who is responsible? Just 90 of the world’s largest 
producers of crude oil, natural gas, coal, and ce-
ment account for almost two-thirds of the prob-
lem (Greenpeace International, 2017). That is, 
they produced 63% of global industrial emis-
sions of carbon dioxide (CO2) and methane since 
the start of the industrial revolution (Greenpeace 
International, 2017). Today, many of these pro-
ducers continue to profit from these polluting 
fuels that destroy our oceans and lands. In a 
great injustice, the people affected most by cli-
mate change are the most vulnerable. Now it is 
possible to name and challenge those who have 
contributed more to this problem. There are 
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many nongovernmental organizations and non-
profit organizations who are working to hold 
these big polluters accountable for climate 
change, and stop them from polluting even more. 
Polluters must stop threatening the rights of vul-
nerable communities and undermining climate 
science and action, and instead pave the way to a 
brighter future powered by clean and safe re-
newable energy. There are already many good 
signs we are winning. 

What can we do? Together, we must put an end 
to polluting energy systems and make the urgent 
leap to clean and safe renewable energy. We can 
still choose our future path and avoid a climate 
catastrophe. We should build up people-pow-
ered resistance, working to shift financing to re-
newable energy, and holding big polluters to ac-
count. We should also speed up the leap to clean, 
safe, and secure energy from the sun, wind, 
oceans, and earth. This paper aims to bring up 
further discussion about how to get the right cli-
mate message across nations and among stake-
holders. This paper is written to request that 
people and stakeholders and polluters should 
join us on this exciting adventure to embrace our 
bright and healthy future. 

 

Materials and Methods  
Best Practices: International Cooperation 
and Treaties  

The United Nations Framework Convention on 
Climate Change (UNFCCC) appears to al-
lude, rather clearly, where they believe the pri-
mary onus for global climate change should rest 
in the Principles of Article 3: 

“The Parties should protect the climate system 
for the benefit of present and future generations 
of humankind, on the basis of equity and in ac-
cordance with their common but differentiated 
responsibilities and respective capabilities. Ac-
cordingly, the developed country Parties should 
take the lead in combating climate change and 
the adverse effects thereof” (UNFCCC, 1992). 

Table 1 shows a chronicle of the Conference of 
the Parties (COP) and historical events on cli-
mate change. Under the UNFCCC and the subse-
quent Kyoto Protocol, the Copenhagen Accord, 

and the Paris Agreement, international joint ef-
forts to have common actions on climate change 
include the responsibility to monitor and report 
emissions; differentiated actions include the 
commitment to reduce emissions for designated 
developed nations, including the United States, 
listed on Annex I to the UNFCCC. This is what has 
led to the current concern of climate equity 
among policymakers of developed nations 
(Michaelowa and Michaelowa, 2015).  

We are of the opinion that what has been missing 
in this debate has been the orientation of the dis-
cussion toward social justice. No matter where 
one is in the world, climate change has a dispro-
portional impact on poor and/or marginalized 
populations. This is particularly so on geograph-
ically vulnerable islands and areas near sea level, 
which bear the most catastrophic impacts of 
storm damage caused by strengthening hurri-
canes and typhoons (CMA Editorial, 2005). As 
such, climate equity demands that every nation 
take active measures, to include enforceable 
commitments, for climate stabilization for the 
benefit of those groups within their nation. Un-
derstanding that carbon taxes, the manner that 
carbon emissions are currently priced and re-
duced, have economic consequences, the ques-
tion becomes who must bear these costs? Is it a 
burden that should be shared by all people or by 
corporations of every nation, which have or are 
benefiting most from atmospheric carbon dump-
ing whether from developed or developing na-
tions? 

Having treaties such as the Kyoto Protocol and 
the Paris Agreement helps the world as a whole 
know and understand that there is a concern and 
research is being conducted to find a better solu-
tion to deal with climate change and to reduce 
greenhouse gas emissions. While we should take 
care of our environment, ensuring that it is there 
for future generations, the research and actions 
also need to be conducted with an open mind, ra-
ther than expressing research findings to a spe-
cific result. As President Trump works to pull 
from the Paris Agreement, many businesses and 
organizations, as well as individual states, have 
spoken up saying they still want to follow 
through (Simon-Lewis, 2017). 
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Table 1 

A Chronicle of the Conference of the Parties (COP) and Historical Events on Climate Change  

Session Date Event and Important Agreement 
COP 23 Nov. 2017 COP 23 took place from 6 to 17 November 2017 in Bonn, Germany and was presided over by 

the Government of Fiji. 
COP 22 Nov. 2016 COP 22 took place from 7 to 18 November 2016 in Marrakech, Morocco. 
COP 21 Nov. 2015 COP 21 took place from 30 November to 11 December 2015 in Paris, France. 
    The Paris Agreement 
    The Paris Agreement requires all Parties to put forward their best efforts through “nationally 

determined contributions” (NDCs) and to strengthen these efforts in the years ahead. This 
includes requirements that all Parties report regularly on their emissions and on their 
implementation efforts.  

COP 20 Dec. 2014 COP 20 took place from 1 to 12 December 2014 in Lima, Peru. 
COP 19 Nov. 2013 COP 19 took place from 11 to 22 November 2013 in Warsaw, Poland. 
COP 18 Nov. 2012 COP 18 took place from Monday, 26 November to Friday, 7 December 2012 in Doha, Qatar. 
COP 17 Nov. 2011 COP 17 took place from 28 November to 9 December 2011 in Durban, South Africa.  
COP 16 Nov. 2010 COP 16 took place from 29 November to 10 December 2010 in Cancun, Mexico.  
COP 15 Dec. 2009 COP 15 took place from 7 to 18 December 2009 in Copenhagen, Denmark. 
    The Copenhagen Accord  
    The Copenhagen Accord raised climate change policy to the highest political level. Close to 115 

world leaders attended the high-level segment, making it one of the largest gatherings of world 
leaders ever outside UN headquarters in New York.  

COP 14 Dec. 2008 COP 14 took place from 1 to 12 December 2008 in Poznan, Poland.  
COP 13 Dec. 2007 COP 13 took place from 3 to 14 December 2007 in Bali, Indonesia.  
COP 12 Nov. 2006 COP 12 took place from 6 to 17 November 2006 in Nairobi, Kenya. 
COP 11 Nov. 2005 COP 11 took place from 28 November to 9 December 2005 in Montreal, Canada.  
COP 10 Dec. 2004 COP 10 took place from 6 to 17 December 2004 in Buenos Aires, Argentina. 
COP 9 Dec. 2003 COP 9 took place from 1 to 12 December 2003 in Milan, Italy. 
COP 8 Oct. 2002 COP 8 took place from 23 October to 1 November 2002 in New Delhi, India. 
COP 7 Oct. 2001 COP 7 took place from 29 October to 10 November 2001 in Marrakech, Morocco.  
COP 6 Nov. 2000 COP 6 took place from 13 to 25 November 2000 in Hague, the Netherlands.  
COP 5 Oct. 1999 COP 5 took place from 25 October to 5 November 1999 in Bonn, Germany. 
COP 4 Nov.1998 COP 4 took place from 2 to 13 November 1998 in Buenos Aires, Argentina. 
COP 3 Dec. 1997 COP 3 took place from 1 to 10 December 1997 in Kyoto, Japan. 
    The Kyoto Protocol 
    The Kyoto Protocol is an international agreement linked to the UNFCCC, which commits its 

Parties by setting internationally binding emission reduction targets. Recognizing that developed 
countries are principally responsible for the current high levels of GHG emissions in the 
atmosphere as a result of more than 150 years of industrial activity, the Protocol places a 
heavier burden on developed nations under the principle of “common but differentiated 
responsibilities.”  

COP 2 Jul. 1996 COP 2 took place from 9 to 16 July 1996 in Geneva, Switzerland. 
COP 1 Mar. 1995 COP 1 took place from 28 March to 7 April 1995 in Berlin, Germany.  
UNFCCC Mar. 1994 The United Nations Framework Convention on Climate Change (UNFCCC) entered into force 

on 21 March 1994. 
    The 197 countries that have ratified the Convention are called Parties to the Convention. The 

objective of the Convention is to “stabilize greenhouse gas concentrations at a level that would 
prevent dangerous anthropogenic (human induced) interference with the climate system.” It 
states that “such a level should be achieved within a time-frame sufficient to allow ecosystems 
to adapt naturally to climate change, to ensure that food production is not threatened, and to 
enable economic development to proceed in a sustainable manner.” 
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Table 1 (cont’d) 
Session Date Event and Important Agreement 
UNCED  Jun. 1992 The United Nations Conference on Environment and Development (UNCED), also known as the 

“Rio de Janeiro Earth Summit” and the “Earth Summit,” was held in Rio de Janeiro, Brazil, from 
3 to 14 June 1992. 

    The Earth Summit 
    The Earth Summit influenced all subsequent UN conferences, which have examined the 

relationship between human rights, population, social development, women and human 
settlements—and the need for environmentally sustainable development. The UN sought to 
help Governments rethink economic development and find ways to halt the destruction of 
irreplaceable natural resources and pollution of the planet.  

Montreal 
Protocol 
  

Sep. 1987 The Montreal Protocol 
  The Montreal Protocol was agreed on 16 September 1987 in Montreal, Canada. The Montreal 

Protocol on Substances that Deplete the Ozone Layer is an international treaty designed to 
protect the ozone layer by phasing out the production of numerous substances that are 
responsible for ozone depletion.  

Brundtland 
Commission 
  

Dec. 1983 The Brundtland Commission 
  The UN General Assembly realized that there was a heavy deterioration of the human 

environment and natural resources. To rally countries to work and pursue sustainable 
development together, the UN decided to establish the Brundtland Commission, formally known 
as the World Commission on Environment and Development (WCED) to unite countries to 
pursue sustainable development together. The Brundtland Commission officially dissolved in 
December 1987 after releasing Our Common Future, also known as the Brundtland Report, in 
October 1987, a document which coined, and defined the meaning of the term “sustainable 
development.”  

World 
Conservation 
Strategy  
  

Dec. 1980 The World Conservation Strategy was launched in 35 countries simultaneously on 5 March 
1980. 

  It set out fundamental principles and objectives for conservation worldwide, and identified 
priorities for national and international action. The World Conservation Strategy was the first 
report that included a very brief chapter on a concept called “sustainable development.”  

UN 
Conference 
on the 
Human 
Environment 
  

Dec. 1972 The United Nations Conference on the Human Environment was held in Stockholm, Sweden 
from June 5 to 16 in 1972. 

  Sweden first suggested to the United Nations Economic and Social Council in 1968 the idea of 
having a UN conference to focus on human interactions with the environment. The UN decided 
to convene a conference in 1972 and mandated a set of reports suggesting that the conference 
focus on stimulating and providing guidelines for action by national government and 
international organizations facing “environmental issues.” 

Source: The author’s work, based on information from the United Nations (UN). 

 

We agree on both aspects depicted that the 
treaties can help create a better global environ-
ment, while at the same time they can limit the 
activities governments and/or corporations can 
conduct hindering growth and development 
(Simon-Lewis, 2017). Another consideration is: 
why the push for climate treaties? While taking 
care of the environment for our generation and 
those that follow is important, funding and 
policy developed on the research can be skewed 
as it may have been over the last several decades 
(Leber and Schulman, 2017; O’Sullivan, 2017). 

Long term, however, this may appear to work 
well, as performance in markets and invest-
ments develop to secure a stronger environ-
mental protection. 

Best Practices: Nations and Local Govern-
ments 

Figure 1 displays the global map of greenhouse 
gas inventory data of aggregate greenhouse gas 
emissions of all Annex I Parties. Table 2 indicates 
a ranking of nations of what the nation has 
achieved to reduce CO2 (kt) emissions. 
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Figure 1: Emissions of Aggregate GHGs with LULUCF - All Annex I Parties (% change from Base 
Year to 2015). Source: United Nations Framework Convention on Climate Change (2017) 

 

Sweden has a greater understanding in its mar-
kets and investments as well as efficiency sectors 
(Tamanini, 2016). While there is a wide separa-
tion between perception of the environment and 
reality, the other three categories continue to 
perceive and perform highly. This can be at-
tributed to Sweden’s carbon-tax and attack on 
pollution via making it costlier while redirecting 
to more energy-efficient solutions (Fouché, 
2008). Norway practices what it preaches, at 
home; however, it invests and supports hypocrit-
ical standards according to many by pushing 
green at home and abroad, while simultaneously 
investing in production of oil and coal as a large 
export (Milne, 2016). This is a smart move, as 
they are expressing that there is still a need for 
the fossil fuels, but only long enough to establish 
a foothold in greener investments and facilities. 
Since 2000, the Norwegian oil production has 
halved, therefore, we can see investing in main-
taining the current production while Norway ap-
pears to be pushing for an overall greener world 
through external investments (Milne, 2016; Rim-
mer, 2016). According to the 2016 Global Green 
Economy Index, Norway’s perception and reality 

are successful but continues to be capable of im-
provement (Tamanini, 2016). As we see, Sweden 
and Norway present a relatively well-balanced 
focus of social and economic costs; resulting in 
their higher ranking. While the United States 
(US) may have a higher quality of technology ad-
vancements, more resources capable of research 
and development, the size of the US and differ-
ences in State and Federal Government regula-
tions, makes it difficult to have a harmonious 
movement into a greener nation as a whole (Ta-
manini, 2016).  

China, while still a leader in coal consumption, is 
now aggressively turning toward the renewable 
energy sector. China is making the cost of solar 
energy comparable to that of energy created 
from pollution generating fossil fuels. This in-
vestment in clean energy amounts to the instal-
lation of one wind turbine and a soccer field’s 
worth of solar panels every hour (Gardiner, 
2017). India provides sales tax exemption and 
low interest loans for the purchase of new vehi-
cles to replace older, more polluting vehicles.  
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Table 2 

Total Emissions of CO2 with LULUCF (% change from Base Year to 2015) 

1 New Zealand -340.67% 16 Denmark -32.19% 31 Switzerland -13.72% 
2 Sweden -147.76% 17 United Kingdom -32.03% 32 Greece -11.50% 
3 Lithuania -81.20% 18 Monaco -27.37% 33 Australia -9.12% 
4 Romania -69.64% 19 Latvia -25.50% 34 Portugal -6.95% 
5 Ukraine -68.21% 20 Italy -25.44% 35 Kazakhstan -4.45% 
6 Belarus -62.91% 21 Luxembourg -24.93% 36 Netherlands 2.01% 
7 Estonia -61.74% 22 European Union  -24.52% 37 Japan 6.46% 
8 Finland -60.92% 23 European Union(KP)  -24.41% 38 United States  7.92% 
9 Russia  -59.01% 24 Germany -23.89% 39 Ireland 9.87% 
10 Hungary -51.98% 25 Croatia -23.48% 40 Spain 13.09% 
11 Slovakia -48.27% 26 Norway -20.13% 41 Iceland 14.81% 
12 Bulgaria -44.09% 27 Malta -19.04% 42 Austria 23.52% 
13 Poland -38.16% 28 France -18.48% 43 Canada 47.11% 
14 Czech Republic -37.41% 29 Liechtenstein -17.33% 44 Cyprus 48.60% 
15 Slovenia -32.76% 30 Belgium -16.36% 45 Turkey 170.76% 

Source: United Nations Framework Convention on Climate Change (2017) 

 

Emission standards for vehicles have been set 
and a rail transport is being constructed, which 
will be non-polluting, efficient, and affordable 
(Government of NCT of Delhi, 2017). The World 
Bank is providing technical assistance financing 
and knowledge to assist such countries as Brazil, 
Peru, Lebanon, Mexico, and Bangladesh with pol-
lution management (World Bank, 2017). In addi-
tion to helping saving many lives by reducing en-
vironmental health risks, reducing pollution 
helps promote economic growth and elevate 
poverty and inequality. Each nation as an indi-
vidual may have a vast knowledge of greener 
methods, variances of technology, and capability 
to support other nations; developed and devel-
oping. A key factor is determining the value of 
their knowledge and experience, and how to 
trade worldwide in effort to protect the environ-
ment for generations to come.  

Best Practices: Businesses 

Unlike a person, a business or corporation has 
the potential to continue to thrive for an under-
mined amount of time. With longevity comes not 
only a need for strategies on how to sustain their 
business models more efficiently but a responsi-
bility to curb their environmental impact. Going 
green can fulfil both of these actions. Finding 

new ways to produce energy is a win-win prop-
osition.  

We found the following quote by Jeffrey Immelt, 
CEO of General Electric, that pertains to this con-
version “It’s up to us to use our platform to be a 
good citizen. Because not only is it a nice thing to 
do, it’s a business imperative….If this wasn't 
good for business, we probably wouldn't do it.” 
Finding the balance or sustainability sweet spot 
is described as “the place where the pursuit of 
profit blends seamlessly with the pursuit of the 
common good, including the creation of both en-
vironmental and social benefits for all the com-
pany’s stakeholders” (Savitz, 2013, p. 34). Google 
has also taken steps to reduce their carbon foot-
print for their global operations. Over the last 
decade, Google has worked out deals with large 
scale renewable producers, guaranteeing to buy 
the energy they produce with their wind tur-
bines and solar cells. This guarantees that the re-
newable energy producers could obtain bank fi-
nancing to expand their operation. The power 
created by the renewables is plugged into the 
utility grid, so that Google’s usage presents no 
net consumption of fossil fuels and the pool of 
electricity gets a relatively larger share of renew-
able sources (Hardy, 2016).  
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Is a step like this enough to pressure other oper-
ations of similar size to move to renewable ener-
gies? A larger market for renewable energy 
would allow for economies of scale leading to 
price reduction. How can smaller business be en-
ticed? Solar power has presented some chal-
lenges to smaller business through cost and com-
plication of contracts. Recently, the nonprofit Re-
newable Energy Buyers Alliance was formed to 
share the expertise of big green power buyers 
such as Wal-Mart, Facebook, and GM in an effort 
to assist smaller companies jump some of the 
hurtles the going green process can generate 
(Baskin, 2017). We wondered if going green 
would have a large negative impact on smaller 
business. But there are very simple and inexpen-
sive steps that smaller business can take: Switch 
to post-consumer waste; Use compact-fluores-
cent of LED lights; Recycle (Harrison, 2013). On 
a positive note, there are also immediate finan-
cial benefits and incentives that promote renew-
able energy. For example, 10 US States are offer-
ing tax credits for solar panel installation. For 
small businesses, there are also grants that can 
be applied for and go toward paying for energy 
efficient updates (U.S. Small Business Admin-
istration, 2017).  

So yes, going green benefits the business and the 
environment. It can be challenging to go green 
but the long-term benefits are worth it. When it 
seems like the trade-off is too much, then, hope-
fully, the business can turn to benefits such as in-
centives, tax breaks, and grants to help make the 
transition. 

 

Discussion and Recommendations 
To All Nations, It is Our Responsibility to Save 
the Earth 

“We are the earth” appropriately encapsulates 
the urgent need to protect the earth and all life in 
it. Everything in the planet, including life, shares 
a common origin-matter simply evolved in many 
ways, and this fact should encourage all capable 
entities to decrease the pace of global warming, 
as we, interconnected entities maintained in an 
enclosed sphere, are all affected by it. The earth 
operates within an enclosed sphere. Since the 
natural and unnatural products that are released 

in the sphere impacts everything including the 
air, water, and land, steps must be taken to pro-
tect the environment that include recycling and 
renewables. Both developed and developing 
countries must be working together to responsi-
bly succeed in business and reduce worldwide 
carbon emissions. Each nation, developed, devel-
oping, or undeveloped can take accountability 
for the earth and its natural resources through 
efforts to recycle, maintain forestry, prevent pol-
lution, and educate its people on the importance 
of saving the earth. 

The Kyoto Protocol and the Paris Agreement are 
definitely good steps toward saving our environ-
ment, but as we dig them deeper, there are cer-
tain weaknesses. For example, there is no re-
ward for the countries who will follow the envi-
ronment protection suggestions and cut back the 
carbon emission. Second, there is no solid mech-
anism to hold those countries accountable who 
are destroying the environment. We should 
worry about the promise between nations. Lead-
ers of the world’s major economies, 17 countries 
that account for nearly four-fifths of the world’s 
greenhouse-gas production, reflects a tension 
between developed and developing countries 
that is hampering efforts to combat climate 
change. They agreed to the goal of reducing their 
carbon emissions by 80% by 2050. It seems that 
both developing and developed countries under-
stand the long-term effects that their actions 
have on the environment but are prioritizing 
their development over the environment. As 
they continue to grow, they will have more re-
sources that they can use to reduce carbon emis-
sions. Developing countries should cooperate 
with developed countries whatever they can. 
However, the developed countries must play a 
larger role in leading the effort, for now. 

To All Businesses, It is Our Responsibility to 
Take Right Actions 

The Kyoto mechanisms encourage businesses in 
developed and developing nations to engage in 
activities like renewable energy production. 
Aichele and Felbermayr (2013) suggest that alt-
hough some research shows positive reductions 
in CO2 emissions with the Kyoto Protocol, it may 
not take into account relocation of production to 
non-Annex I Parties and re-export to Annex I 
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Parties countries. This would also generate the 
observed pattern of fewer emissions in Annex I 
Parties countries. Montford (2015) points out 
that in the European Union, business organiza-
tions and corporate strategies are now directed 
toward expanding production overseas and 
reducing manufacturing capacity in the Union 
due to its carbon constraints.  

In other words, businesses in developed coun-
tries are moving environmentally damaging op-
erations to developing nations. For far reaching 
emission reductions, however, the efforts need 
to be global rather than localized. The idea of 
countries buying and selling carbon units should 
be eliminated to keep industries focused on re-
duction efforts. Although the selling of carbon 
units may offset the cost of R&D and implemen-
tation of emission reduction, it does not drive the 
global changes that are required to make an im-
pact. There is political pressure to establish clear 
market-based incentives for businesses to pur-
sue green practices, which includes tax benefits 
for smaller companies (Schultz and Heitger, 
2011). Today, there is more demand from people 
for cleaner energy options than ever before put-
ting pressure on businesses and governments. If 
businesses globally adopt the life cycle assess-
ment approach to their processes and imple-
ment cradle to cradle design, the world would 
have a brighter future. 

 

Conclusion: It Begins with Us 
Climate justice and equity essentially focuses on 
what we owe each other as human beings. Devel-
oped countries should share the largest burden 
not only for historical reasons, but because they 
are wealthy enough to absorb the costs for the 
long-term well-being of themselves and develop-
ing nations. From the perspective of social justice 
and preserving the instant well-being of people 
and the earth, the debate over who should be 
held more or less culpable seems moot. With in-
creasing technological advances in renewable 
energy production, as well as increased competi-
tion, products are more affordable for nations. 
With more and more countries understanding 
their contribution toward climate change, cou-
pled with decreasing costs of renewable energy 
products, the ability of nations to reduce or 
maintain their current level of emissions is pos-
sible. 

Climate change is a global problem, but there is a 
lot we can do about it in our daily life. Let’s 
choose our own set of solutions to save energy 
and money, and make our life and home more 
healthy and comfortable. Together, we must put 
an end to polluting energy systems and make the 
urgent leap to clean and safe renewable energy. 
We can still choose better our future path and 
avoid a climate catastrophe. As the title of this 
paper states, “it begins with us.” This statement 
must be ringing true across all nations and 
among all stakeholders of the earth, as nations, 
local governments, corporations, and localities 
commit to the Paris Agreement.  
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Introduction 
Despite the declaration of various schemes, the 
residential buildings in India have been experi-
encing an unusual increase in the frequency of 
power outage. Figures available with the Central 
Electricity Authority (CEA, 2016) show that dur-
ing the summer of 2016, the peak demand in In-
dia was 159,542 megawatt (MW), but only 
156,934 MW of it was met. Thus, during last sum-
mer, there was a peak deficit of 1.6%. This 
growth in demand for electricity in the summer 
is due to the increased use of mechanical equip-
ment for thermal comfort (Yeretzian and Visser, 
2013). 

It is concluded in many research papers that one 
of the ways of reducing energy generation is to 
reduce the demand for air conditioning (Akbari 
et al., 1998; Ferreira and Prado, 2005; Yeretzian 
and Visser, 2013). Engineers and architects 
should investigate more in researching different 
passive and active strategies to reach the best 
possible solution for thermal comfort. This can 

be done by using less energy and by natural cli-
matic control for their buildings instead of rely-
ing on machines for cooling which are electricity 
dependent, and take part in ruining the environ-
ment (Yeretzian and Visser, 2013).  

Mainly in summer, thermal comfort is always the 
main concern in subtropical climate regions like 
Bhopal. Passive cooling and natural ventilation 
have traditionally been two important features 
in the city of nawabs. To achieve thermal indoor 
comfort, vernacular architecture can be seen in 
old monuments of Bhopal.  

Using insulators with good thermal resistance 
for roofs, either during the designing and con-
struction of the building, or during renovation, 
are usually more cost-effective and can reduce a 
considerable amount of the energy that is con-
sumed in cooling (Boixo et al., 2012; Synnefa et 
al., 2007; and Synnefa et al., 2010). Cool roofs by 
applying insulators in the form of solar reflective 
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materials are one of the cost-effective passive 
strategies that install easily, reduce heat gain, 
and improve thermal comfort in warm climates 
(Synnefa, et al., 2010; Uemoto et al., 2010). From 
the above studies, it can be said that in building 
regulations, it should be mandatory in every 
country (having a hot climate) to install cool 
roofs, for this being the least expensive option to 
achieve the energy conservation and thermal 
comfort. From here, the objective of research 
comes out: to reduce the amount of energy used 
to reduce cooling energy demands during the 
summer by focusing on the cool roof as a solu-
tion. 

The main idea for this study is to enhance the im-
plementation of passive cool solar reflective ma-
terial on the existing roof through an investiga-
tion of several possibilities and alternatives 
which are easily available in the city. In this pa-
per, we have investigated the two types of roofs 
by comparing the results of before and after of 
applying four different types of insulators to 
achieve thermal comfort and energy saving. The 
cool roof is one of the passive cooling strategies; 
Implementation of this plan will be able to con-
serve the energy needs of the building. This 
scheme can economize the required energy ex-
penditure, to make a comfortable space condi-
tion, and attempt to lower the cooling load dras-
tically. Thus, this present research evaluates a 
range of possible varieties of roof insulation 
which are easily available and simple in use, in 
terms of cost and availability. 

The experimental study in this research covers 
solutions for reducing the inside temperature by 
applying the passive strategy in the form of insu-
lators on the roof for low-rise and medium-rise 
residential buildings in Bhopal, India. The re-
search is divided into two parts; in the first part, 
experiments were performed with and without 
using insulators and observed data for ambient 
temperature and surface temperature. In the 
second stage, the results are verified using simu-
lation tool Computational Fluid Dynamics tools 
with FLUENT software. The results of this re-
search on existing residential buildings show a 
significant reduction in thermal load and energy 
consumption. The recommendations given for 
further research consists of combining cool roof 

techniques with wall insulation, and window in-
sulation as a way of reducing cooling loads. 

 

The Concept of Cooling through Roofs 
Syneefa et al. (2010) stated that the technology 
of a cool roof is an energy efficient, sustainable, 
and financially viable solution for reducing 
building energy consumption for cooling and 
mitigating heat islands. Parker et al. (1995) con-
cluded that cooling through roofs on a building’s 
envelope for reducing the thermal loads and en-
ergy demands is considered as a passive solution 
depending on different types of building. Many 
experimental studies proved that the roof sur-
face can reach up to 37°C above the ambient tem-
perature on a normal sunny day in warm cli-
mates (Borge-Diez et al., 2013). The actual ad-
vantage of a cool roof on any particular building 
will depend on several factors in which the most 
important is the climatic zone, including building 
type and load. In spite of this, there are many en-
vironmental benefits of cool roofs. In urban ar-
eas, as the quantity of heat transferred from 
roofs decreases, heat in the urban environment 
also reduces. Hence, using the cool roofs tech-
nique reduces urban air temperatures as proved 
by Zinzi and Fasano (2009). This can be achieved 
very efficiently by using reflective coatings and 
materials of good thermal resistance (Rossi et al., 
2014). Parker et al. (1995) proved in their study 
that a cool roof improves indoor thermal com-
fort. Consequently, dependency on mechanical 
systems for cooling increases electricity bills. 
(Pisello et al., 2013) Applying a cool roof will 
achieve a reduction of about 10% to 40% in air 
conditioning energy (Akbari et al., 2005; (Pisello 
et al., 2013; Synnefa et al., 2007). Granja and 
Labaki (2003) studied, in the case of a low ther-
mal resistance or thickness of roof, there is a re-
duction in heat flux up to 74 W/m2 while the 
color changes from gray to white. 

Rossi et al. (2014) presented a review study on 
cool roofs and heat island mitigation showing 
that during the peak period in hot climates, in 
comparison to the green roof, reflective cool 
roofs with high solar reflectance present much 
higher heat island mitigation potential.  
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Figure 1: Photograph of Room 1&2 Figure 2: Photograph of Room 3 & 4 

 
 

Figure 3: Photograph of room 5 Figure 4: Plan of room 1 & 2 

 

Table 1 
Tools used for taking data 

Data taken Ambient 
Temperature  

Humidity  Surface temperature 

Tools used Hygrometer Hygrometer  Infrared thermometer  
Specifications  Humidity Accuracy: ± 6% in the 25 to 80% range and 

from 0 to 50°C (32 to 122°F)  
Temperature Accuracy: ± 1°C from -10 to 50°C and 
± 1.8°F from 14 to 122°F  

Temperature Range - -40°C to 50°C 
Accuracy:< 0°C (32°F): ±(1.0°C (±2.0°F) + 
0.1°/1°C or °F);>0°C (32°F):±1% or ±1.0°C 
(±2.0°F), whichever is greater  

 

In the following sections, types of building, typol-
ogy, and the weather of the city with the perfor-
mance of insulation material which is relevant 
and applicable in the Bhopal context will be dis-
cussed. 

 

Building Typology and Weather Analysis  
The aim of the study was to select a building type 
which was in a conventional pattern of the con-
struction techniques used in Bhopal. Most of the 
residential buildings in Bhopal are low-rise du-
plexes, and the flat system is still not very com-
mon in Bhopal. The selected buildings are low-
rise buildings and are very common residential 
buildings in Bhopal. These are located in one of 
the main residential areas. The buildings are 
constructed from framed structures made of 
concrete with brick masonry, and with a con-
crete flat roof and asbestos sheet roof having a 

false ceiling below it. The details of the selected 
buildings are shown in Table 2. Bhopal has an av-
erage elevation of 500 meters. The average an-
nual high temperature in Bhopal during summer 
ranges from 38�C to 43�C and average annual 
low temperature during winter ranges from 
19°C to 22�C. Due to the urban heat island, some-
times temperatures can reach 45°C inside the 
city during summer time (Bhopal Weather, 
2017). Humidity always remains high during 
summer time and hence the atmosphere remains 
sweaty. Monsoons usually start from July and 
last until September ends. 

After the literature review on the insulating ma-
terial, a search was done for the availability of lo-
cally available material. The materials used were 
Solar Reflective Paint (SRP), hydrated lime, tiles, 
and aluminum paint. Thermal properties and 
other details of insulators are given in Table 3.  
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Table 2 

Detail of the case buildings 

Building 
no. 

Room Floor Floor 
area 

Orien-
tation 

Flanked  
Side 

Roof Type Roof 
finishing 

Wall 
Type 

Openings
% 

Shades Purpose 
/Occupancy 

Building 
1 

Room 
1 

First 
/top 

3.66mx
3.35m 

South South, 
west 

Concrete Cement Brick 
Wall 

15% South Wall Is Shaded With 
Extended Roof 

Bedroom /2 
person 

Building 
2 

Room 
2 

First 
/top 

3.66mx
3.35m 

South South Concrete Cement Brick 
Wall 

15% South Wall Is Shaded With 
Extended Roof 

Bed room/2 
person 

Building 
3 

Room 
3 

Second
/top 

3.05mx
3.35m 

North South(Parti
ally), West 

Asbestos with  
false ceiling 

- Brick 
Wall 

18% North /South Wall is Shaded With 
Extended Roof 

Rented /one 
person 

Building 
3 

Room 
4 

Second
/top 

3.35mx
3.358m 

North South Asbestos with  
false ceiling 

- Brick 
Wall 

15% North Wall Is Shaded With 
Extended Roof 

Rented /one 
person 

Building 
4 

Room 
5 

Second
/top 

3.35mx
3.05m 

North South(parti
ally), West 

Concrete Cement Brick 
Wall 

20% North Wall Is Shaded With 
Extended Roof 

Rented /one 
person 

 
Table 3 
Details of insulators 
Room Case number Insulators K -value W/ 

m2⁰C 
Reflective 
index 

Emissivity Thickness Cost /m2 
(Rs). 

Durability Scheduled Date 
(To-From) 

1 Case 1.1(No Insulator ) Solar reflective 
paint on co 

0.09 0.88 0.913 2 coats 100 5yeras 24/4/16-26/4/16 
Case 1.2 (With Insulator) 29/4/16-1/5/16 

2 Case 2.1(No Insulator ) Ceramic Tiles 1.3 0.6 0.9 10mm 300 10years 29/4/16-31/5/16 
Case 2.2 (With Insulator) 3/5/16-9/5/16 

3 Case 3.1(No Insulator ) Aluminum paint 0.72 0.61 0.45 2 coats 80 5 years 4/5/16-6/5/16 
Case 3.2 (With Insulator) 10/5/16-18/5/16 

4 Case 4.1(No Insulator ) 
Case 4.2 (With Insulator) 

Solar reflective 
paint 

0.09 0.88 0.913 2 coats 100 5yeras 10/5/16-14/5/16 
18/5/16-25/5/16 

5 Case 5.1(No Insulator ) Lime 0.83  0.913 2 coats 10 1yeras 27/5/16-30/5/16 
Case 5.2 (With Insulator) 2/6/16-8/6/16 

 
 

 
                          (a)      (b)    

Figure 5: (a) Plan and cross section of room 3 & 4, (b) Plan and cross section of room 3 & 4 
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Salient features of the above treatment are: En-
vironmental Friendly, Energy Saving, Dead 
Weight Reduction, and Long Lasting and Zero 
Heat Transmission to Surroundings. 

 

Methodology Applied  
The methodology implemented in this paper is 
based on an experimental study and simulation 
work of different types of insulators applied to 
two types of roofs: concrete and asbestos sheet 
roof. For the experimental study, five rooms in 
four typical residential apartments given in Fig-
ure 5(a) and (b) are chosen to represent the com-
mon type of housing in Bhopal. Parameters ob-
served and equipment used in the present study 
are given in Table 1.  

Methodology Adopted for Observations  

The following procedure is adopted for taking 
observations: 

1. Continuously at least 3 days’ readings of tem-
perature and humidity in extreme summer in 
the month of May; 

2. Applying the scheduled insulator; 

3. Readings after applying insulators (observing 
in almost similar climatic conditions as at the 
time of no insulator). 

 

Methodology Adopted for Analysis of Data  

Analysis is done by two methods: 

1. First method is to determine the exact reduc-
tion in inside temperature. The readings were 
observed keeping similar temperatures as in 
no insulation in all the cases.  

2. In the second part, the results observed in the 
experimental study at 3 pm would be com-
pared with the results of Computational Fluid 
Dynamics (CFD), and return on investment 
determined by heat transferred. The cooling 
load of air conditioners with and without in-
sulators is obtained to calculate the reduction 
in load. 

Since the numbers of observation tables were 
large (more than 15 case tables; one for each 
case, hence by taking at least three readings per 

case) a total of 10 observations taken in 48 days 
were selected for analysis, in which 5 cases were 
without applying insulators and 5 cases were 
with an insulator in each room. 

The room selected for the experiments are 
shown in Figure 1. The main two variables were 
selected for the roof: type of roof (concrete and 
asbestos sheet) and insulation material. These 
resulted in five different possibilities for roof in-
sulation in two different type of roofs by consec-
utive alteration. The aim was to evaluate the best 
insulator with the optimum solution for each 
type of roof capable of taking out the most suita-
ble and cost-effective energy efficient solutions 
in order to minimize heat transfer from the roof 
in the summer season. The experiments on the 
five proposed roofs were performed for the ac-
tual residential building chosen for the study and 
compared them with non-insulator conditions 
for the summer season (between April 21 and 
June 22). 

 

 
Figure 6: Building photographs after applying 

insulator - SRP at Roofs 

Figure 7: Building photographs after applying 
insulator - Lime at roof 

Figure 8: Building photographs after applying 
insulator - Tiles at Roof and Wall 
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Figure 9: Building photographs after applying 
insulator - Aluminum Paint at Roof 

As maximum cooling load is during the summer, 
maximum reduction in cooling loads after apply-
ing the insulators is found in the summer, so the 
measurements were taken from last April to 
mid-June. Since the winter season is very short 
(November–February) in the subtropical humid 
climatic zone, in this study we neglect the effect 
of winters. Observations in each room for all con-
ditions were taken 3 days before application of 
insulators and for 6–7 continuous days until the 
outside conditions matched with no insulator 
conditions. The observations were taken five 
times in a day to view the time lag effect 
properly. The times selected were 9 am, 12 pm, 
3 pm, 6 pm, and 9 pm, i.e. from 9 to 9. For analyz-

ing the thermal condition of rooms, the data ob-
served are ambient temperature, surface tem-
perature, and relative humidity. Suggestions and 
labors for implementing insulators were taken 
from an architect. The drawing shown below 
(Figures 6 to 9) clearly indicates the implemen-
tation of insulators. 

 

Results Obtained through Experiments 
1st Method: Temperatures Observed when 
Outside Conditions are Similar in all the 
Cases 

Approximately similar weather data is observed 
in no insulator (case 1.1, case 2.1, and so on) and 
with insulators (case 1.2, case 2.2, and similar in 
other rooms). Ambient air temperature in all 
cases at different timings is shown is in Figures 
10–14. The temperature differences, decrease in 
temperature, and net percentage decrease in 
temperature are tabulated in Tables 4–8.  

 
Figure 10: Inside temperatures (Ti) of room no.1 in all cases 

 
Figure 11: Inside temperatures (Ti) of room no. 2 in all cases 

25
27
29
31
33
35
37
39
41

9:00 12:00 15:00 18:00 21:00

Case 1.1

Case 1.2

25
27
29
31
33
35
37
39
41

9:00 12:00 15:00 18:00 21:00

Case 2.1

Case 2.3

Binder1.pdf   182 2/25/2018   1:47:46 PM



International Journal of Environment and Sustainability, 2018, 7(2): 41-56 47 

 

 Science Target Inc. www.sciencetarget.com 

 
Figure 12: Inside temperatures (Ti) of room no. 3 in all cases 

 

 
Figure 13: Inside temperatures of room no. 4 in all cases 

 
 

 
Figure 14: Inside temperatures of room no. 5 in all cases 
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Table 4 

Decrease in room temperature of room no. 1 (Ti) in ⁰C & in percentage 

Time Observed temperatures  Reduction in temperatures from Case 1.1 to 1.2 
Case 1.1 Case 1.2 ⁰C % 

9:00 31.1 30 1.1 3.5% 
12:00 37.8 33.1 4.7 12.4% 
15:00 38.5 34 4.5 11.7% 
18:00 38 33.2 4.8 12.6% 
21:00 35.5 33.7 1.8 5.1% 

 

Table 5 

Decrease in room temperature (Ti) of room no. 2 in ⁰C & in percentage 

Time Observed temperatures  Reduction in temperatures from Case 2.1 to 2.2 
Case 2.1 Case 2.2 ⁰C % 

9:00 32.1 29.5 1.4 4.4% 
12:00 38.4 33.9 3.3 8.6% 
15:00 39.2 33.9 3.5 8.9% 
18:00 37.5 34.2 2.2 5.9% 
21:00 36.2 32.5 2.2 6.1% 

 

Table 6 

Decrease in room temperature (Ti) of room no. 3 in ⁰C & in percentage 

Time Observed temperatures  Reduction in temperatures from Case 3.1 to 3.2 
Case 3.1 Case 3.2 ⁰C % 

9:00 32.1 31.9 0.2 8.1% 
12:00 38.9 36.8 2.1 11.4% 
15:00 42.6 40.4 2.2 8.9% 
18:00 40.2 38.8 1.4 5.8% 
21:00 38.9 38 0.9 6.0% 

 

Table 7 

Decrease in room temperature (Ti) of room no. 4 in ⁰C & in percentage 

Time Observed temperatures  Reduction in temperatures from Case 4.1 to 4.2 
Case 4.1 Case 4.2 ⁰C % 

9:00 37.7 36 1.7 4.5% 
12:00 38.5 36.1 2.4 6.2% 
15:00 41.6 38.2 3.4 8.2% 
18:00 41.5 38.2 3.3 8.0% 
21:00 38.5 36.1 2.4 6.2% 
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Table 8 

Decrease in room temperature (Ti) of room no. 5 in ⁰C & in percentage 

Time Observed temperatures  Reduction in temperatures from Case 5.1 to 5.2 
Case 5.1 Case 5.2 ⁰C % 

9:00 36.8 34.80 2.0 5.4% 
12:00 39.7 35.60 4.1 10.3% 
15:00 40.9 36.40 4.5 11.0% 
18:00 39.2 35.80 3.40 8.7% 
21:00 36.4 35.10 1.30 3.6% 

 
From above observations, it is seen that there is 
a maximum decrease in temperature by 12.6% 
or 4.8°C at 6 pm which is significant. The de-
crease in temperature is observed at all timings, 
but at 9 am and 9 pm, it is less in comparison to 
12 pm, 3 pm, and 6 pm. 

From the above tables and graphs, it is observed 
that the maximum reduction in temperature was 
observed by the tiling on the roof by 8.9% or 
3.5°C at 3 pm followed by 8.6% at 12 pm. Again, 
net minimum reduction is at 9 am by 4.4%. 
Hence, by applying tiles on roof, reduction can be 
up to 3.5°C. 

In this case, the roof is of asbestos sheet. Initially 
the rooms were too hot and temperatures were 
always much higher than concrete roof rooms, 
although a false ceiling is provided, even the tem-
peratures were high, since the thermal mass of 
the asbestos sheet is less, hence, the heat does 
not store in mass and the temperatures directly 
change with the change in outer temperatures. 

Temperatures were also reduced but were less 
in comparison to the concrete roof. Maximum re-
duction by applying aluminum paint on the roof 
is by 2.2°C or 5.2% and 2.1°C or 5.4% at 3 pm and 
12 pm respectively. Hence, aluminum paint is 
less effective in comparison to SRP on roofs.  

In this room, the SRP at roof shows the maximum 
effect at 3 pm and 6 pm. Since the roof is of an 
asbestos sheet, the time lag is less. But it was ob-
served that the temperatures are always high in 
these rooms. The minimum reduction is seen at 
9 am. Initially, the outside temperatures are ei-
ther found equal or less than the internal tem-
perature—after applying insulators, the temper-
ature reduces; hence giving thermal comfort to 
occupants. 

From the observations, the effect of hydrated 
lime is significant throughout the day, but at 9 
pm its effect is less. Lime is a good thermal insu-
lator but it is required to be reapplied almost 
every year; however, an advanced form of lime 
insulator is now available on the market with an 
improved life. A maximum temperature differ-
ence is observed at 12 pm and 3 pm of 4.1°C and 
4.5°C respectively. However, a remarkable 
change in temperature is observed at 9 am as 
other insulators (on different test rooms) do not 
give a significant effect at this timing. 

 

Results of CFD Analysis  
Computer simulation is performed at 3 pm only, 
as maximum temperatures are observed at this 
time. Steps followed for CFD Analysis of rooms 
using Ansys Fluent are prepossessing, solver, 
and post-processing. 

Preprocessing 

CAD Model: A 3D CAD model is generated by us-
ing Unigraphics, then import the CAD model into 
Ansys Design modeler in Parasolid format (.xtl or 
.xt). CAD models of all the rooms are shown in 
Figure 15. 

Mesh: Generate the mesh of rooms in the Ansys 
Mesh software. Mesh Type is Hybrid. Taking Ele-
ment Edge Length = 2.5 mm, Mesh generated and 
1 No. of Nodes and No. of Element are given in 
Figure 15. 

After mesh generation, the following setup is fol-
lowed in the Ansys Fluent. 
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Room  CAD Images  Plan of room  Mesh images  Nodes Elements 
Room 1 

108795 87288 

Room 2 

108049 86340 

Room 3 

44107 163976 

Room 4 

43040 163123 

Room 5 

 
 

39126 156711 

Figure 15: CAD images, mesh images, and plan of all the rooms 
 

Table 9 

Outside ambient and surface temperatures 

Case Outside Temperature at 3 pm  
Temperature Roof Wall 

N S E W 
Case 1.1 40.5 56.5 - 38.8 - - 
Case 1.1 40.6 42.6 - 39.8 - - 
Case 2.1 40.5 52.5 - 42.5 - - 
Case 2.2 39.5 40.4 - 34.8 - - 
Case 3.1 43 67.4 43.9 45.7 -- 46.7 
Case 3.2 43 53.9 42.4 46.6 - 47.8 
Case 4.1 43 64.6 45.4 43.3 - - 
Case 4.2 43 56.1 45.1 44.7 - - 
Case 5.1 43 53.8 41 40 40.3 - 
Case 5.2 42.2 49 40.7 43 44.2 - 

 
Problem Type: 3 Dimensional; Type of Solver: 
Pressure-based solver. Physical model: Vis-
cous: laminar, Energy; Material Property: Flow-
ing fluid is air; Density of air = 1.225 kg/m3; 
Boundary Condition: Outside Ambient Tem-
perature and Surface (exposed) Temperature at 
3 pm given in Table 9. 

Post Processing 

The graphical representation of results is shown 
in Figure 16 and results obtained are shown in 
Table 10. 
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Case No. Inside Air  Room 

Temperature 
Inside Wall Surface 
Temperature 

Outside Surface 
Temperature from 
Outside 

Roof Temperature from 
Inside 

CASE 1.1 

CASE 1.2 

CASE 2.1 

CASE 2.2 

CASE 3.1 

CASE 3.2 

CASE 4.1 

 
CASE 4.2 

CASE 5.1 

CASE 5.2 

Figure16: Images of temperature variation in rooms in all cases 
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Table 10 

Results obtained by computer modeling 

Case Inside Temperature Heat transfer 
kWatts Wall Temperature Roof 

N S E W 
Case 1.1 37.1 38.7 35.7 35.3 37.6 49.4 86.6 
Case 1.2 34.8 36.9 33.9 33.1 33.6 35.6 61.7 
Case 2.1 37.2 39.1 36.3 36.7 38.6 52.0 82.3 
Case 2.2 35.0 34.5 35.0 34.3 35.3 43.2 61.7 
Case 3.1 43.1 42.8 42.8 43.2 41.4 49.3 126.0 
Case 3.2 41.2 40.8 40.8 42.0 39.4 43.7 116.6 
Case 4.1 42.4 42.5 41.0 42.7 40.9 47.9 117.3 
Case 4.2 39.5 39.5 39.8 39.8 38.1 41.3 100.3 
Case 5.1 40.8 40.0 40.8 40.9 40.7 48.2 115.7 
Case 5.2 38.4 37.7 37.7 37.8 36.9 40.4 100.6 
 

Table 11 

Comparison of results of CFD with experimental results (at 3 pm)  

The temperature 
difference in 
between cases. 

Temperature 
difference 
observed in CFD 

Temperature 
difference observed in 
field experiments 

Difference Comments 

Case 1.1 To 1.2 3.99 4.5 -0.5048 Almost similar results observed 
Case 2.1 To 2.2 3.2742 3.5 -0.2258 Almost similar results observed 
Case 3.1 To 3.2 2.0196 2.2 -0.1804 Almost similar results observed 
Case 4.1 To 4.2 2.7539 3.4 -0.6461 Almost similar results observed 
Case 5.1 To 5.2 3.7902 4.5 -0.7098 Almost similar results observed 

 

Comparison of Experimental Results with 
CFD Results: 

The decrease in the inside temperatures com-
puted from field experiments and computer sim-
ulation are compared in this section and pre-
sented in Table 11. 

Results found are almost similar, experimental 
results are found little higher, which may be due 
to other conditions which are neglected such as 
activity in the room, the opening of windows, etc. 

Calculation of Return on Investment (ROI) 

For computing optimum solution in this re-
search, we calculate ROI. 

Return on Investment: It is a profitability ra-
tio that calculates the profits of an investment as 
a percentage of the original cost. It measures the 
percentage of the purchase price on how much 
money was made on the investment. It shows in-

vestors how efficiently money invested in a pro-
ject is producing a profit. Investors also use this 
ratio to compare the performance of different in-
vestments of all types and sizes. 

ROI = (Net Profit / Cost of Investment) x 100  [1] 
For calculating reduction in the electricity bill, 
few assumptions are made which are given be-
low. 

Reduction in the electricity bill is computed by 
taking a load of air conditioner of 1.5 tones (2.0 
kW), for 3 peak months in the concrete roof and 
5 months in the asbestos sheet roof (using 8 
hours per day). 

Taking electricity charges @5Rs. per unit.  

Electricity consumption of AC in concrete room 
per year = 2.0*8*30*3=1440 kWh,  

Electricity consumption of AC in asbestos sheet 
roof per year =2.0*8*30*5=2400 kWh. 
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Since the life of cool coating is not much, reduc-
tion in load considering for whole life is com-
puted for every solar passive strategy we 
adopted. Calculations of reduction in electricity 
bills, cooling load, and ROI for each room are 
given in Table 12. 

 

Results and Discussion of Findings 
In this paper, a method is proposed, evaluated, 
and simulated for the cool roof as a way to im-
prove thermal conditions indoors. Our proposed 
solution depends mainly on protecting the roof 
surface from direct solar radiation so to reduce 
heat gain. 

Several studies on insulators indicate that by in-
stalling the solar reflectance, the temperature of 
the surface lowers. This is because solar radia-
tion is reflected rather than absorbed and hence 
the heat penetrating into the building decreases. 
During the summer, in air-conditioned or non-
air-conditioned buildings, insulation helps in 
lowering energy consumption and improves 
thermal comfort. Hence, the use of cool materials 
in an urban area at large scale leads to significant 
energy savings due to the high solar reflectivity 
of insulators used. This results in the reduction 
of the air temperature because of surface heat 
balance at the urban level (Synnefa et al., 2007). 
Insulation on roofs proves much more effective 

than wall insulation (inside temperature about 
6°C–7°C reduces). For a climate like Bhopal, the 
solar reflective material on roofs give sufficient 
reduction in inside temperature. This research 
concludes that by applying solar reflective mate-
rial, one can achieve the best result at very low 
rates.  

From the results, it is clearly seen that the opti-
mum solution through insulation used either on 
the roof or wall, is by applying Solar Reflective 
Paint, which is cost-effective and durable. Alt-
hough, it is observed that the white paint be-
comes dimmer as the days pass. Tiles are costly 
but give good results for a long time. The effect of 
aluminum paint was found to be less. Maximum 
reduction is shown in Figure 17. 

Using computer modeling, the results obtained 
are almost similar with experimental results. It is 
proved that for any type of roofs, SRP is the opti-
mum solution. 

Hence from above results, the conclusions de-
rived are discussed below: 

SRP as an insulator on the roof is the most eco-
nomical and effective solution in places of hot cli-
matic conditions like Bhopal. 

Lime is the best solution, but its maintenance is 
required almost every year. 

 

 

 
(a)      (b) 

Figure 17: Decrease in inside temperature (max.) by applying insulators on a) concrete roof 
b) asbestos sheet roof 
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Table 12 

Calculation of cooling load reduction and ROI. 

Insulator Room 
Type 

Appli-
cation at 

Area 
Sqm 

Cost Of 
Insulator 
Per Sqm 
(Rs) 

Total Cost 
Of 
insulation 

Life In 
Year 

Electricity 
Consumption 
Without 
Insulator (kWh) 

Reduction in 
Cooling Load 
After Applying 
Insulator (%) 

Reduction In 
Electricity 
Bill Kwh (Rs) 

ROI 
(%) 

SRP Concrete Roof 12.26 130 1594 3 4320 16 2010.3 216.8 

Tiles Concrete Roof 12.26 350 4291 10 14400 21 29548.0 352.4 

AL.P ASB Roof 13.27 120 1593 3 7200 9 2036.3 542.4 

SRP ASB Roof 11.57 130 1504 3 7200 17 3686.1 837.7 

Lime ASB Roof 10.22 20 204 1 1440 17 241.6 387.5 

 

Conclusion and Recommendations for 
Further Research 
As global warming is arising, a rise in energy con-
sumption used for cooling in cities of warm cli-
mates is likely to continue unless more passive 
energy efficient and cost-effective measures are 
introduced. As a roof is the most exposed part of 
the building envelope which receives direct sun 
rays, it is most challenging to protect it. The per-
formance of the roof depends mainly on its type, 
shape, construction, and materials. This study 
proposes an affordable technique to reduce en-
ergy consumption by applying passive cool insu-
lators through roofs, which has been validated 
using simulation. Solar reflective paints can in-
crease thermal comfort for the inhabitants with 
no energy burdens from HV/AC systems on ex-
isting roof and can be used in effective forms as 
passive cooling techniques. The maximum re-
duction in temperature is found by applying SRP 
on the roof (4.8°C). Also, it is the optimum solu-
tion for such types of roof. 

This study is performed for achieving indoor 
thermal comfort as well as reducing energy con-
sumption for low/medium-rise residential 
buildings in subtropical humid climates. The re-
sults obtained from this study can be applied in 
similar climates to Bhopal’s and the methodol-

ogy applied can be applied to other climatic con-
ditions. With this proposed cool roof, other pas-
sive strategies are recommended for use, such as 
wall insulation and solar shading for façades, to-
gether with double or triple glazing for windows 
with low U value (Marwa et al., 2015). The 
proper window-to-wall ratio is also important 
for proper ventilation and lighting. The results of 
the simulations also provide an optimal solution 
of insulators for both types of roofs on central In-
dian weather conditions. The cost of insulators is 
affordable for middle-class people and is very 
low in comparison to other building cooling sys-
tems. Also, the installation of insulators in exist-
ing buildings does not disturb the occupants, as 
they are easy to install. Recommended for future 
work, it should also include passive cooling strat-
egies, and their efficiency measured against the 
cool roof with wall and window solution to re-
duce the cooling hours. It is also recommended 
that in the Indian code for residential buildings, 
energy efficiency applying cool roofs should be a 
mandatory item. 

We can conclude that in most of India, energy 
consumed in cooling is larger in summer, and ef-
fective passive cooling solutions should be intro-
duced, otherwise the load on our energy re-
sources to satisfy future cooling demands, espe-
cially in urban areas, will be increased, which 
will directly degrade the environment. 
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Abstract. Coral reefs and seagrasses are important for biodiversity and liveli-
hood but they are fast degrading owing to climatic and non-climatic factors. The 
impacts of climate change since 1998 and the effects of non-climatic factors, 
mainly destructive fishing practices, mining, pollution, and coastal development, 
have altered the community structure and health of corals and seagrasses. Low-
tech and low-cost transplantation techniques have been successfully standard-
ized and implemented in the Gulf of Mannar, southeast India. A coral rehabilita-
tion technique, perfected in 2002, comprising selection of site, identification of 
suitable native species, precision in fragmentation, choosing fragment size, fix-
ing positions, and effective monitoring protocols, resulted in good growth and a 
survival of 80.1%. The average annual growth was 13.5 cm in fast-growing 
branching corals and 1.8 cm in massive corals. There was also considerable in-
crease in coral cover, recruit density, and population size of fish and associated 
macrofauna. Likewise, a rehabilitation program for seagrass was started in 
2008. Seagrass shoots in the rehabilitated areas showed a good survival rate of 
85.04% with increased biodiversity. Rehabilitation of degraded coral and 
seagrass areas is a viable management practice for the restoration of the ecosys-
tem services like fishery, coastal protection, and tourism as well as enhancing 
ecosystem resilience. 
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Introduction 
Coral reefs and seagrass beds are dynamic ma-
rine ecosystems that provide shelter to a wide 
range of ecologically and economically im-
portant organisms. Primary production, shore-
line protection, carbon storage, and the like, are 
some of the other important ecosystem benefits 
bestowed by corals and seagrasses. In spite of 
their importance, these ecosystems have been al-
lowed to be disturbed significantly by various 
natural and human-induced factors. It has been 
estimated that the world has lost half of its coral 
reefs in the past 30 years. It has also been re-
ported that about 29% of global seagrass cover 
has already been lost since 1879 (Waycott et al., 
2009). The unprecedented degradation of corals 
and seagrasses has prompted scientists and 

managers around the world to take up rehabili-
tation activities in the degraded areas.  

Methodologies for the rehabilitation of degraded 
coral reefs have advanced in the past two dec-
ades. There are several methods in reef rehabili-
tation, such as deployment of artificial reef struc-
tures (Pickering et al., 1998; Schillak et al., 2001), 
coral transplantation (Smith and Hughes, 1999), 
enhancing settlement and growth of corals by 
using feeble electrochemical means (Kihara et al, 
2013), electrically stimulated coral growth en-
hancement (Goreau, 2014), larval ranching 
(Rinkevich, 2005), and establishment of low pro-
file underwater nurseries (Rinkevich and Shafir, 
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2000). However, most of the rehabilitation tech-
niques are expensive, labor-intensive, and unvi-
able. Transplantation of coral fragments has 
been suggested as a useful technique for rehabil-
itating coral reefs for this technique and has been 
reported to yield desirable results in terms of 
reef recovery (Edwards and Clark, 1998; Har-
riott and Fisk, 1988; Okubo and Omori, 2001). 
Corals, being animals, can reproduce sexually 
and asexually. Transplantation of corals is based 
on their asexual reproduction through fragmen-
tation. If a fragment of a coral broken from the 
donor colony finds a suitable substrate and envi-
ronmental conditions, it can grow as a separate 
colony. The term coral transplantation refers to 
the transplantation of coral fragments onto arti-
ficially made substrates deployed underwater. 
The primary objectives of coral transplantation 

are to improve (i) reef quality in terms of live 
coral cover, (ii) biodiversity, and (iii) topo-
graphic complexity (Edwards, 1998). Similarly, 
various rehabilitation techniques have been ex-
perimented to restore the seagrass meadows 
with varying success rates (Fonseca, 1992; Gor-
don, 1996; Seddon, 2004; Treat and Lewis, 
2006). Over the years, there has been significant 
improvement in the techniques related to 
seagrass rehabilitation (Paling et al., 2009). 

The Gulf of Mannar (GoM) on the southeast coast 
of India (Figure 1) is one of the four major coral 
reef areas in India with 117 corals species (Ed-
ward et al., 2007). The coral reefs in GoM are 
formed primarily around the 21 uninhabited 
coral islands that occur between Rameswaram 
and Tuticorin.  

 

 

Figure 1: Map showing coral and rehabilitation sites in the Gulf of Mannar, southeast India 
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This area was declared as Gulf of Mannar Marine 
National Park by the Government of Tamil Nadu 
in 1986. For management purposes, the 21 is-
lands of GoM have been put under three groups: 
Tuticorin group, Keelakarai group, and Man-
dapam group. In GoM, seagrass beds occur 
mainly in the region between the islands and the 
mainland, and also on the seaward sides of the 
islands, where seagrasses are seen as patches to-
ward the open sea (Mathews et al., 2010). The 
coast of GoM is thickly populated and the liveli-
hood of these traditional fisher folk depends 
mainly on the fishery resources associated with 
corals and seagrasses. GoM was once considered 
a biological paradise, but various human activi-
ties have put the ecosystem under stress with 
several biological resources dwindling. Coral 
mining, destructive fishing methods, climate 
change, and pollution have caused severe dam-
age to the ecosystems of coral reef and seagrass. 
Massive corals were also used for the construc-
tion of building and roads during the 1960s. 
Hence, rehabilitation of corals and seagrasses us-
ing low-tech and low-cost methods is considered 
the most important management tool not only 
for the conservation of these fragile ecosystems, 
but also for the protection of biodiversity and the 
livelihood of the dependent people. 

 

Materials and Methods 
Coral Rehabilitation  

Substrates 

Identifying and designing proper artificial sub-
strates is very important for the success of the 
coral rehabilitation program. Several substrates 
such as cement slabs, stones, and clay pots were 
tried initially. Suspension and rope culture meth-
ods were also undertaken in the preliminary ex-
periments. In addition, fish houses constructed 
with dead corals from old building debris were 
also tried out. Based on the promising results, 
two types of artificial substrates were used in 
GoM which are concrete frames with slabs and 
fish houses. The structure of the concrete frame 
has been designed by Suganthi Devadason Ma-
rine Research Institute (SDMRI) after several ex-
perimentations in GoM. Concrete frames of the 
dimensions 1 m x 1 m x 0.25 m were used along 

with fish houses made of dead coral debris with 
dimensions approx. 1 m dia. X 0.5 m height. Dead 
corals for fish houses were obtained from demol-
ished old houses. Beginning in 2002, these struc-
tures were deployed in different parts of GoM. 
Deployment of these frames at proper sites was 
done before the fragments were transplanted 
onto concrete frames. Cement slabs of 20 cm x 5 
cm x 15 cm were used for fixing the coral frag-
ments and the fragments were directly tied onto 
fish houses underwater.  

Site selection  

The selection of ideal sites is a key factor in get-
ting good results in rehabilitation. Other consid-
erations are the general extant conditions for 
coral growth and the availability of donor corals 
in the vicinity of the proposed transplantation 
site. The donor sites were selected from where 
the corals were comparatively healthy and had a 
good live coral cover.  

Substrate transportation 

Each substrate (concrete frame/fish house) 
weighed about 80–100 kg. This mass was neces-
sary to maintain stability. The substrates were 
transported from the place of construction to the 
shore by trucks. From the seashore, the sub-
strates were moved to the rehabilitation sites us-
ing a raft made of bamboo sticks. The raft was 
pulled by a mechanized boat. At the rehabilita-
tion site, the structures were lowered to the 
ocean floor with the help of ropes tied to the 
frames/fish houses. Then scuba divers went un-
derwater to arrange them in a proper order. The 
substrates were arranged with an interval of 1 to 
2 meters between one another; this space was 
left for the coral growth and for the easy flow of 
current. 

Species selection  

Selection of suitable species is also a critical step 
in rehabilitation, for the probable size of the live 
coral cover depends on the species involved. Suc-
cessful transplantation can be done only with the 
native species, and the selected species should 
be healthy and abundant in the donor site. The 
following are the species selected for coral reha-
bilitation in GoM: Acropora nobilis, A. formosa, A. 
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intermedia, A. cytherea, A. valida, Montipora fo-
liosa, Turbinaria mesenterina, T. peltata, Favia 
pallida, and Porites solida.  

Coral fragment collection  

Scuba divers involved in the collection of frag-
ments handled them with great care. Fragmenta-
tion did not exceeded 3–5% of the donor colony; 
this limit is to reduce the stress on the donor col-
ony. A hammer and chisel were used for the frag-
mentation under the water. The removed frag-
ments were placed in plastic baskets and taken 
to the boat, where they were immediately trans-
ferred to big plastic tubs with sea water aerated 
with portable aerators. Precision and care were 
taken during fragmentation and transportation 
of fragments from the donor site. The plastic tubs 
with coral fragments were covered with cloths to 
avoid direct sunlight and were taken immedi-
ately to the rehabilitation site. The sea water in 
the tubs was changed at regular intervals in or-
der to reduce the stress, and the levels of temper-
ature and salinity were monitored.  

Transplantation  

Attaching the coral fragments onto the cement 
slabs was done during the transportation. The 
collected coral fragments were first cut to the de-
sirable size (that is > 8 cm) using a bone cutter. 
Each fragment was attached onto a cement slab 
in a horizontal orientation using nylon rope, such 
that the largest part of it was in contact with the 
substrate and most of the polyps were oriented 
upward in vertical position of the fragment. The 
fixed fragments were then transferred to a fresh 
sea water tub. On reaching the rehabilitation site, 
the fragments tied with the cement slabs were 
immediately taken into the water in plastic trays 
by the scuba divers for transplantation. The slabs 
were arranged over the frames with a gap of 
about 5 cm between them. Ten slabs with frag-
ments were placed on one concrete substrate; 
they were tied to the frame with the help of nylon 
ropes to ensure that they were not dislodged by 
the waves and currents. Onto the fish houses, 
fragments were directly tied under the water us-
ing nylon ropes.  

Monitoring and maintenance 

For a successful rehabilitation of corals, monitor-
ing and maintenance of the rehabilitated sites 

are no less important than the other steps. Sur-
vival and growth of the transplanted corals were 
regularly monitored. The associated organisms 
such as fishes and macrofauna were also moni-
tored regularly. Signs of bleaching and disease 
outbreaks were looked for very carefully on the 
transplanted coral colonies. A regular monitor-
ing of water quality conditions was also con-
ducted.  

Marine algae can attach themselves to the artifi-
cial substrates, and because of their fast growth 
rate, the algae may suffocate the transplanted 
coral fragments and kill them. Hence, the algae 
frequently were monitored and removed. If any 
fishing nets were found entangled in the con-
crete frames or transplanted corals, they were 
removed immediately as they would keep on 
damaging the corals mechanically. Other me-
chanical damages, like the dislodgement of slabs 
with fragments, were monitored too and they 
were set right or replaced immediately. 

Seagrass Rehabilitation 

Initial experimentation 

Experimentation was done initially to identify 
the most feasible method in GoM, including plug, 
staple, and manual transplantation of sprigs. In 
the plug method, seagrasses with attached sedi-
ment were harvested using core tubes and trans-
ported with the tube to the rehabilitation site. At 
the planting site, a hole was made to accommo-
date the planting plug. In the staple method, 
seagrasses were dug up using shovels, and the 
attached sediment was removed from the roots 
and rhizomes. Seagrasses were then attached to 
staples by inserting the root-rhizome portion, 
and the staples were in turn inserted into the 
sediment so that the roots and rhizomes re-
mained buried into the sediment surface (Chris-
tensen et al., 2004). Manual transplantation of 
sprigs (Perrow et al., 2002) was found to be the 
best choice for seagrass rehabilitation in GoM.  

Donor sites 

Donor sites were always selected very close to 
the rehabilitation site so that the sprigs can have 
similar environmental conditions. To reduce the 
stress to the donor sites and to allow the recov-
ery, collection of sprigs from the nearby dense 
seagrass meadows was restricted to less than 
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5%. Three seagrass species abundant in GoM viz. 
Cymodocea serrulata, Thalassia hemprichii, and 
Syringodium isoetifolium (Mathews et al., 2010) 
were used for rehabilitation.  

Manual transplantation of sprigs 

Mature seagrass sprigs were collected manually 
in mesh bags by scuba divers. The sprigs were 
thoroughly washed in seawater to free them 
from sediment, and were then transferred to 
large containers filled with seawater. Apical 
shoots with intact roots were attached at regular 
intervals to a biodegradable jute twine, and the 
twine was tied to a PVC quadrat of 1 m2 area. Six 
rows of such jute twines were tied to each quad-
rat, and each row had 20 shoots. Thus, there 
were a total of 120 shoots in a quadrat. The quad-
rats were pre-drilled to allow the sea water to 
enter and to make them negatively buoyant. 
Then, these quadrats with sprigs were immedi-
ately taken underwater and fixed at the rehabili-
tation site. Hook-shaped iron clamps of 30 cm 
length were used for anchoring the frames in the 
sediment. These quadrats and threads helped in 
keeping the shoots intact and also from being 
washed away by the waves, tides, and current. 
They were left until the shoots were firmly at-
tached to the sediments (Estrella, 2004; Fonseca 
et al., 1998). It was ensured that all shoots tied to 
jute ropes were kept attached to the seafloor.  

Monitoring and maintenance  

After the seagrass plants attached themselves 
into the soil, seagrass cover and shoot density 
were monitored regularly. A regular assessment 
of fishes and benthic macrofauna was also car-
ried out. Monitoring of environmental parame-
ters, a very important input to understand the 
status of transplanted seagrass plants, was done. 
The mandatory initial maintenance measure of 
removing the solid wastes, torn pieces of nets, 
and seaweeds was performed too. 

 

Results and Discussion 
Conservation of marine ecosystems is linked to 
the sustained livelihood of a dependent commu-
nity. In India, there was not much focus and in-
terest on rehabilitation research until the Indian 
Ocean Tsunami in 2004. Coral rehabilitation 

since 2002 and seagrass transplantation since 
2008 by Suganthi Devadason Marine Research 
Institute (SDMRI) in GoM are the first and suc-
cessful attempts in Indian waters. SDMRI has 
standardized the viable, low-tech, and low-cost 
rehabilitation techniques for large-scale rehabil-
itation of corals and seagrasses (Patterson et al., 
2005; 2008). Coral and seagrass rehabilitation 
has been carried out within 4–14 acres of de-
graded areas in various locations of GoM since 
2002. Long-term monitoring of rehabilitation 
measures, not less than 3 years for coral rehabil-
itation and 2 years for seagrass rehabilitation, is 
also done by SDMRI to understand the later well-
being of the transplants.  

The coastal biodiversity of GoM has been subject 
to threats by various climatic and non-climatic 
factors. Coral reefs of GoM have been disturbed 
by coral mining, destructive fishing activities, 
pollution, bleaching, disease outbreaks, bio-inva-
sion, space competition, etc. (Edward et al., 
2012). Coral bleaching in 2010 and 2016 caused 
a massive mortality among the corals of GoM; the 
rates of mortality in the two events respectively 
are 9.7% and 16.2% (Edward et al., 2012; Ed-
ward et al., 2017). Coral cover has been fluctuat-
ing in GoM since 2003–2005, when it was 
36.98% and increased to 42.85% in 2009 after 
the halt of coral mining, and then went down to 
33.2% in 2010 because of the bleaching mortal-
ity. Again, it increased gradually to 38.86% in 
2015 before going down to 22.69% in 2016 be-
cause of bleaching mortality (Edward et al., 
2017). Recovery by natural coral recruitment is 
a long process; moreover, such recovery is often 
beset with disturbances and problems of space 
competitors. Hence, rehabilitation measures are 
required to increase the live coral cover with re-
silient and resistant native coral species. Coral 
transplantation facilitates natural recovery of 
the damaged reef sites (Edwards and Clark, 
1998).  

Unfortunately, most of the rehabilitation 
measures are expensive and labor intensive and 
can still result in high mortality not only in the 
coral transplants but also in the natural donor 
corals. The technique used for coral rehabilita-
tion in GoM is cost-effective and offers a signifi-
cantly higher survival rate. An average survival 
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rate of 80.1% has been recorded for coral trans-
plants from various parts of GoM during the 
monitoring period. Among the transplanted 
coral species, A. nobilis exhibited the highest sur-
vival rate of 89.35% followed by A. intermedia 
with 89.25%. P. solida and F. pallida showed 
lower survival rates at 63.28 and 71.29% respec-
tively. Survival rates of A. formosa, A. cytherea, A. 
valida, Montipora foliosa, T. mesenterina, and T. 
peltata were 87.64%, 86.47%, 80.15%, 80.12%, 
79.26%, and 74.15% respectively (Figure 2). 
Survival of the coral transplants is the prime and 
utmost consideration in the success of any coral 
transplantation mission.  

 

 
Figure 2: Survival of coral transplants 

 

On reaching a certain size, the transplanted frag-
ments are no more vulnerable to the high risk of 
mortality (Connell, 1973; Highsmith, 1982). 
Growth rates of the transplanted corals in GoM 
are significantly higher. Among the transplanted 
corals, branching type corals showed compara-
tively higher growth rates with an average of 
13.5 cm/year. A. intermedia had the highest 
growth rate at 17.63 cm/year followed by A. for-
mosa and A. cytherea with their respective rates 
being 13.28 cm and 13.28 cm/year. Foliose type 
corals such as T. mesenterina, T. peltata, and M. 
foliosa showed an average growth rate of 4.24 
cm/year; and massive corals such as F. pallida 
and P. solida showed an average growth rate of 
1.8 cm/year (Figure 3).  

 

 
Figure 3: Annual average growth of coral 

transplants 

 

Ideally in a successful transplantation project, 
the transplanted corals should survive and grow 
in a manner similar to that of the naturally occur-
ring corals (Yap et al., 1992). This has become 
true in GoM as the transplants have started 
growing in a manner similar to the natural corals 
(Plates 1–2). It has been reported that coral frag-
ments reallocate energy resources after frag-
mentation, and there is infertility for a period of 
time (Nonaka et al., 2003). However, transplants 
in GoM have grown sufficiently so as to take part 
in sexual reproduction. Successful gametogenic 
cycle and spawning have also been recorded 
from the restored coral colonies in GoM (Raj et 
al., 2015).  

Coral recruitment is widely acknowledged as 
one of the most important processes in the 
maintenance of coral reef systems, especially in 
their recovery and replenishment following dis-
turbances (Glassom, 2006). Artificial substrates 
used for coral transplantation in GoM have also 
served as coral recruitment substrates. Recruits 
of the following seven coral genera were ob-
served on these substrates: Acropora, Pocillo-
pora, Montipora, Favia, Favites, Porites, and Tur-
binaria. Of them, Acropora had the highest re-
cruit densities with 2.88 no.module-1 and Monti-
pora had the next best value of 2.19 (Figure 4). 
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Plate 1: Coral rehabilitation on concrete frames with slabs 
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Plate 2: Coral rehabilitation on fish houses
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Figure 4: Average coral recruit density on 

rehabilitation substrates 

 

Overgrown branches of the transplanted coral 
colonies are sometimes fragmented by strong 
waves and currents. These branches also have 
grown independently near the substrates 
through asexual reproduction and thus in-
creased the live coral cover. With the increase of 
live coral cover, other organisms such as macro-
fauna and fish are attracted to the rehabilitation 

sites. The average densities of major benthic 
macrofauna were 3.15, 2.42, 1.85, 1.32, and 0.98 
5m-2 respectively for mollusks, echinoderms, 
ascidians, sea anemones, and sponges (Figure 5). 
Fishes also started occupying the rehabilitation 
sites; Lutjanus (32.89 60m-2) and Scarus (30.28 
60m-2) were the dominant genera encountered 
near the rehabilitation sites in GoM (Figure 6). 

 

 
Figure 5: Average macrofaunal density in the 

coral rehabilitation sites  

 

 

 
Figure 6: Average commonly occurring fish abundance in the coral rehabilitation sites
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Like coral reefs, seagrass beds in GoM have also 
been significantly disturbed by destructive fish-
ing practices, predominantly by bottom trawling. 
Three types of bottom trawling activities are en-
countered in GoM, namely mechanized trawling 
by big trawlers, push net operation, and shore 
seine operation (Raj et al., 2017). Furthermore, 
bottom laid gill nets, boat anchoring, invasion of 
exotic seaweed, pollution, and coastal develop-
mental activities are the other threats causing 
damage to the seagrass beds of GoM (Mathews et 
al., 2010). Hence, rehabilitation of seagrasses is 
necessary to tackle the increasing threats. 
SDMRI initiated the seagrass rehabilitation activ-
ities in 2008 and perfected the technique to suit 
the conditions of GoM.  

Three species of seagrasses, namely Cymodocea 
serrulata, Thallasia hemprichii, and Syringodium 
isoetifolium, were transplanted at different loca-
tions of GoM. The average rate of survival of 
seagrass plants was 85.04%. C. serrulata had the 
highest survival rate with 87.64% followed by S. 
isoetifolium with 86.52%, while T. hemprichii had 
a survival rate of 80.96% (Figure 7). Shoot den-
sity was also the highest for C. serrulata at 110.32 
m-2 followed by T. hemprichii and S. isoetifolium 
at 86.42 and 72.96 m-2, respectively (Figure 8). 

 

 
Figure 7: Survival of transplanted seagrass 

plants after 2 years 

 

 

Figure 8: Average shoot density of transplanted 
seagrass plants after 2 years 

 

 

Figure 9: Average macrofaunal density in the 
seagrass rehabilitation sites 

 

Among the benthic macrofauna, mollusks fol-
lowed by echinoderms were the dominant cate-
gories with 16.62 and 10.89 5m-2, respectively, 
while densities of ascidians, sponges, and sea 
anemones were 7.69, 1.2 and 7.59 5m-2, respec-
tively (Figure 9). Lutjanus (26.87 60m-2), 
Terapon (21.68 60m-2), and Parupeneus (20.63 
60m-2) were the common fish genera observed in 
the seagrass rehabilitation sites in GoM (Figure 
10). 

Many seagrass rehabilitation activities have 
yielded poor results because of various factors 
such as poor site selection, high sedimentation, 
reduced light, strong waves and currents, animal 
foraging, and the like (Treat and Lewis, 2006). 
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Plate 3: Seagrass rehabilitation using PVC frames
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Figure 10: Average commonly occurring fish abundance in the seagrass rehabilitation sites 

 

In GoM, rehabilitation of seagrasses has met with 
considerable success in terms of survival and in-
crease of shoot density. Poor water quality dis-
turbs the growth and survival of transplanted 
seagrasses (Orth and Moore, 1982; Treat and 
Lewis, 2006). In GoM, water quality is conducive 
to successful seagrass transplantation. The reha-
bilitation sites were barren sandy areas before 
the transplantation and have now become luxu-
riant seagrass beds capable of providing such 
ecosystem services as the nearby natural 
seagrass beds are (Plate 3). The population of the 
associated organisms such as fish and other 
macrofauna too increased with the increase of 
seagrass cover. It has been reported that in-
crease in seagrass cover triggers an increase in 
fish abundance (Hemminga and Duarte, 2000). 

Global climate change has impacted all the ma-
rine habitats around the world including coral 
reefs and seagrasses. Sea surface temperature, in 
line with the third global coral bleaching event, 
was very high in GoM during the summer of 
2016, resulting in severe coral bleaching and 
subsequent mortality (Edward et al., 2017), alt-
hough no obvious impact was observed on 
seagrass beds. Such disasters and consequent 
mortalities are expected in future also. There-
fore, it is imperative that the human-induced 
threats, such as destructive fishing practices, 
should be checked to conserve the fragile marine 
habitats. The rehabilitation techniques elabo-
rated in this study have been tested by SDMRI for 
many years since 2002, in the case of corals, and 

since 2008, in the case of seagrasses; and they 
have been found to be much viable. Considering 
the enormous threats to corals and seagrasses, 
large-scale rehabilitation activities have become 
necessary to protect the coral biodiversity, to en-
hance sustained livelihood, and to support reef 
based eco-tourism activities. Coasts with intense 
developmental activities could also consider 
these viable low-tech and low-cost rehabilitation 
techniques to keep the native biodiversity intact 
and also to promote eco-tourism activities, al-
lowing the natural reef and seagrass areas to 
thrive undisturbed.  

A successful coral rehabilitation depends on the 
selection of a suitable site; designing of appropri-
ate substrate to avoid sedimentation as well as to 
assist the fragments to attach quickly; selection 
of donor coral site with healthy climate-resistant 
and resilient native species; and determination 
of proper fragment size. The importance of regu-
lar monitoring and maintenance hardly needs 
emphasis. Timely intervention such as replace-
ment of fragments when they are subject to local 
disturbances is required as much as identifying 
and taking remedial measures in the initial stage 
of rehabilitation. Successful seagrass rehabilita-
tion is similarly dependent on the selection of 
suitable site, suitable substrate, healthy donor 
seagrass beds, monitoring, and maintenance to 
replace the disturbed frames with shoots in the 
initial stage. The techniques practiced in GoM are 
cost-effective and use simple technology but are 
with high success rates, and they can be adopted 
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in similar environs to enhance the live coral and 
seagrass cover, to protect biodiversity, to sup-
port eco-tourism, and to increase sustained live-
lihood options.  
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Abstract. Rapid urbanization is degrading urban environment quality day by 
day globally. Urban environment temperature is slowly rising globally, and some 
measures are required to mitigate it. Urban microclimate can be regulated by 
planting urban greenery. This study makes an attempt to assess the effect of ur-
ban greenery on land surface temperature (LST) for the improvement of micro-
climatic conditions in Varanasi city, India. The influence of an urban heat island 
is studied using the Landsat-8 OLI/TIRS data in 2017 as a case study of Varanasi 
city, India. The spatial distribution of LST in the urban area is retrieved to de-
scribe their local effects on urban heat island (UHI). The correlation among LST, 
the normalized difference build-up index (NDBI), and the normalized difference 
vegetation index (NDVI) are examined to explore the influences of the urban 
granary and the build-up land on urban microclimate. Results exposed that the 
central portion of Varanasi displayed the highest surface temperature compared 
to the surrounding open area, the areas having dense built-up displayed higher 
temperatures, and the areas covered by vegetation and water bodies exhibited 
lower temperatures. This study shows that urban green space will help to miti-
gate the urban microclimate and it is important for the sustainable development 
of urban environments as well as to provide healthy quality of life to the urban 
dwellers.  
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Introduction 
The urban climate is defined as a set of climatic 
conditions that prevails in a large metropolitan 
area and that differs from the climate of its rural 
surroundings region (Landsberg, 1981). A mi-
croclimate is a local atmospheric zone of a small-
scale area, where the climate varies from the 
neighboring area. It comprises of local variations 
in humidity, wind, solar radiation, humidity, and 
temperature as a result of several factors. City 
microclimate factors are strongly affected by the 
urban heat island (UHI) phenomena, therefore 
remotely sensed data are more suitable than at-
mospheric data for analyzing the impact of urban 
greenery on microclimate zone of the urban area. 
UHI refers to the phenomenon of higher atmos-
pheric and surface temperatures occurring in ur-
ban areas than in the surrounding rural area 

(Kim, 1992). More specifically, the UHI phenom-
enon is influenced by the reduced vegetation in 
city areas, properties of city materials, anthropo-
genic heat, weather, urban geometry, and loca-
tion. Some of the main dangerous impacts of UHI 
comprise of higher energy consumption, high 
emissions of air pollutants and greenhouse gas-
ses, compromised human health and comfort, 
and impaired water quality. Urbanization pro-
cesses change the land-use land-cover pattern of 
the urban environment, which replace the natu-
ral land-cover types with common urban con-
struction materials such as concrete, asphalt, 
stone, brick, and metal and has significantly 
changed the urban environment, by creating ex-
treme stress.  
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Anthropogenic activities are extremely modify-
ing the urban granary where it directly contrib-
utes to change urban microclimate through a va-
riety of procedures. These include the plantation 
or cutting of surface vegetation and changes in 
the land surface, which affect urban micro cli-
mates by creating changes in the urban surface 
energy budgets.  

The urban natural land cover was changed into 
built-up surfaces that absorb incoming solar ra-
diation during the day and then re-radiate it at 
night. This is particularly true in the case of the 
holy city of Varanasi, where massive agricultural 
land, greenery, parks, open fields, each year are 
converted to urban land uses. Thus, the serious-
ness of UHI phenomena cannot be ignored and 
the mitigation approach should be applied to 
regulate the UHI effects in the large and small-
scale urban environment. Thus, it is necessary to 
assess the influence of urban greenery on the ur-
ban microclimate.  

Fast urbanization leads to reduced vegetated ar-
eas, increased land surface temperature, and 
changed urban microclimate (Nor et al., 2013). 
However, temperatures in the vegetated area 
and its surrounding keep the temperature lower 
than the core urban developed area. Further-
more, maturity of the greenery will be consid-
ered as a main parameter to ensure the heat is 
lower in urban areas through its shadow and 
transpiration. Furthermore, urban greenery also 
acts as a natural agent against air pollution in the 
urban environment (Buyadi et al., 2015).  

Spatiotemporal analysis of urban climate using 
geospatial technology is acceptable as a technical 
methodology in analyzing the urban environ-
ment, especially in combating the UHI effect for 
past, present, and future uses. This study aims to 
evaluate the relationship among LST and LU/LC 
in Varanasi, India. Therefore, the objectives of 
this paper are (1) to estimate LST for Varanasi 
city using Landsat-8 OLI/TIRS data in 2017 (2) 
to generate a land-use/land-cover map using su-
pervised classification and (3) to analyze the re-
lationship between land surface temperature 
and land-use/land-cover using linear regression 

between land surface temperature and NDVI, 
NDBI. 

Study Area 

Varanasi is situated in the eastern part of the 
state of Uttar Pradesh, along with the left bank of 
the River Ganges. The total area under the wards 
is around 209.7 Km2. The population of Varanasi 
municipal corporation is 1,198,491 (2011 Cen-
sus). The study area stretches between latitude 
25°14’50’’N to 25°23′15″N and longitude 
82°55′0″E to 83°03′11″E. Normally, Varanasi ex-
periences a southwest monsoon with its charac-
teristic three seasons: rainy, winter, and sum-
mer. During the rainy season, which stretches 
from the middle of June to the end of September, 
about 80–90% of the total annual rainfall is re-
ceived with intermittent dry periods. The aver-
age annual rainfall is 1,009 mm. The mean daily 
maximum temperature ranges from 32°C to 34°C, 
and the mean daily minimum temperature re-
mains at around 26°C (Varshney, 1971; Figure 1). 

Data Used 

The satellite images of Landsat 8 OLI and TIRS 1T 
data product of March 25, 2014 (Path/Row - 
142/043) of the study area were obtained from 
United States Geological Survey (http://earthex-
plorer.usgs.gov/), at free of cost, which had been 
resampled into 30 m for all bands to match the 
Operational Land Imager (OLI) spectral bands 
before delivery. Wang et al. (2015) specified that 
data from the Landsat 8/TIRS Band 11 have 
large uncertainty and recommended using TIRS 
band 10 data as a single spectral band for LST as-
sessment; for this purpose, the present study 
makes use of Landsat 8, Band 10 data for LST re-
trieval (Bendib et al., 2016). On the other hand, 
the information acquired from remote sensing 
satellites data is analyzed in image processing 
software, to calculate the land surface tempera-
ture. For this analysis, two pieces of software, 
ArcGis10.1 and ERDAS IMAGINE 2015, is mainly 
used. Assessment of land surface temperature 
can be achieved through a thermal infrared re-
mote sensing data. It can record the apparent 
temperature of the earth’s surface by measuring 
the radiant energy exiting its surface.  
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Figure 1: Location map of study area 

 

 

Figure 2: Flowchart of retrieving LST, NDVI, and NBDI from Landsat 8 image 
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Methodology 
LST Extraction from Thermal Band 

This research work mainly includes the follow-
ing steps (Figure 2): conversion of pixel values of 
the Landsat thermal band to At-sensor spectral 
radiance, then transformed to At-sensor bright-
ness temperature and LST by following the pro-
cedure described by Weng et al. (2004), was 
adopted for retrieval of land surface tempera-
ture (LST). 

TOA (Top of Atmospheric) Spectral Radiance  

TOA spectral radiance was calculated by multi-
plying the multiplicative radiometric rescaling 
factor of TIR bands with its corresponding TIR 
band and adding in the additive rescaling factor. 

 [1] 

where  is the spectral radiance in watts/(m−2 
srad−1 μm−1); is the band-specific multiplica-
tive rescaling factor obtained from the metadata 
(3.3420E-04);  is the band-specific additive 
rescaling factor obtained from the metadata 
(0.10000);  is the DN value for the quantized 
and calibrated standard product pixel of band 
10. 

Brightness Temperature 

Latif (2014) mentioned in his research that 
brightness temperature is the electromagnetic 
radiation traveling upward from the top of the 
earth’s atmosphere. After getting the radiance 
value, it should be converted to brightness tem-
perature (BT) with the help of the following 
equation. 

) [2] 

where  is the brightness temperature;  and 
 are thermal conversion constants which can 

be found in the metadata file of the Landsat im-
age;  is top of atmospheric radiance. 

Land Surface Temperature (LST) 

The brightness temperature was converted to ki-
netic temperature, or land surface temperature 
as described by Equation 3 (Artis and Carnahan, 
1982) . 

)  [3] 

where  land surface temperature (LST) in Kel-
vin, λ (11.5 μm) is the emitted radiance wave-
length (Markham and Barker, 1984), the coeffi-
cient ρ =0.01438 m K is generated from the equi-
tation  in which h = 6.626 × 10−34 J 
s is the Planck's constant, C=2.998 × 108 m/s is 
the velocity of light, and  =1.38 × 10−23 J/K is the 
Boltzmann constant, and ε is the surface emissiv-
ity ranges between 0.97 and 0.99. 

Emissivity has been calculated by using fol-
lowing equation:  

)  [4] 

The brightness temperature is converted to LST 
according to the Planck equation (Artis and 
Carnahan, 1982; Weng et al., 2004). 

Conversion of LST from Kelvin to Degrees Cel-
sius  

For simplicity of understanding of this tempera-
ture, the above derived LSTs’ unit was converted 
to degrees Celsius using the relation of °C equals 
273.15 K (Pal and Ziaul, 2016). 

Derivation of NDVI  

Landsat 8 is calculated from reflectance meas-
urements in the red and near infrared (NIR) por-
tion of the spectrum (Liu and Zhang, 2011). The 
NDVI is expressed as in Equation 5: where NIR = 
Band 5 (For Landsat 8) and R = Band 4 (For 
Landsat 8). 

)  [5] 

Derivation of NDBI  

Landsat ETM and Landsat 8 is calculated from re-
flectance measurements in the red and mid-in-
frared (MIR) portion of the spectrum (Liu and 
Zhang, 2011). The NDBI is expressed as in Equa-
tion 6: where MIR = Band 6 (for Landsat 8) and 
R = Band 4 (for Landsat 8). 

)  [6] 
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Figure 3: (a) Land-use/land-cover map of Varanasi City, 2017; (b) LST map of Varanasi, March 

2017, three cross sections has been made across the study area 

 

Land-Use/Land-Cover Map Preparation 

A supervised classification scheme has been 
used for the process of image classification in 
which training sets were selected for image clas-
sification using a Maximum Likelihood classifier. 
One hundred and twenty spectral signatures 
from the study images have collected and 
merged for detecting each individual class use 
class properly. Image classification was used to 
define the land-use/land-cover types into five 
classes, namely, Settlement, Water body, Vegeta-
tion, Fallow lands, and Sandbar have been cate-
gorized. The image classification is done by using 
supervised classification techniques and accu-
racy assessment has been made through a confu-
sion matrix. A total of 240 sample sites from 
Google Earth and ground verification were se-
lected for accuracy assessment. Overall accuracy 
of the LULC map was 89.56% and Kappa coeffi-
cient was 0.857. 

Results and Discussion 
Relationship between LST and Land-Use/ 
Land-Cover 

The relationship between the land surface 
temperature values and land-use and land-cover 
classes is analyzed in this section. Through the 
visual interpretation, it is found that land surface 
temperature and LU/LC are related to each other 
(Figure 3). It is observed that urbanization and 
thermal environment of the city is mainly 
associated with urban build-up and barren land 
and decreased with vegetation cover (Figure 3a 
and 3b). When land use and land cover of the 
area changes, then the LST of the area also 
changes. It means that land surface temperature 
distribution pattern is depending on the LU/LC 
categories. Remote-sensing-based land surface 
temperature records the radiative energy 
emitted from the ground surface, including 
building roofs, paved surfaces, vegetation, bare 
ground, and water (Voogt and Oke, 2003). The 
result revealed that most urban built-up lands 
were located in the middle part, and high LST 
value are also associated with the central part of 

Binder1.pdf   212 2/25/2018   1:47:52 PM



International Journal of Environment and Sustainability, 2018, 7(2): 72-80 77 

 

 Science Target Inc. www.sciencetarget.com 

the city, which is a core urban setup of Varanasi 
city and has a high population density (Figure 
3a). To represent the land-use/land-cover wise 
land surface temperature, three cross sections 
were made across the Varanasi city AB, BC, and 
CD (Figure 3b and Figure 4). For a selected year, 
urban built-up land exhibits one of highest 
surface radiant temperature 34.5°C, followed by 
fallow land 33.0°C. One sandbar presented near 
to the River Ganges, showed the highest 
temperature (38.6 ̊ C), which gets heated directly 
by the sunlight. The lowest radiant temperature 
of 26.8˚C is observed in waterbodies (rivers, 
ponds). Green space shows a significantly low 
radiant temperature because the amount of heat 
stored within urban vegetation (parks, trees, 
etc.) is reduced through transpiration. The 
average temperature of the vegetation area was 
observed at 31˚C. Overall, our results show that 

in Varanasi, the mean LST of a built-up area was 
3.5°C higher than the mean LST of green space 
(forest, grassland, and cropland; Table 1 and Fig-
ure 3). This study observed that dence trees, ma-
tured green parks, and other urban vegetation 
can potentially reduce urban temperature to its 
neighboring area.  

 

Table 1 

LU/LC types and their LST values 

LU/LC Class Average LST value 
(°C) 

Built up Land 34.5 
Fellow Land 33.0 
Sandbar 38.6 
Vegetation 31.0 
Waterbody 26.8 

 

Figure 4: LST Profile (A-B, C-D, E-F) drawn over LST Map of March, 2017 
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Figure 5: NDVI map of Varanasi city, March 
2017 

Figure 6: NBDI map of Varanasi city, March 
2017 

 

 

Figure 7: Relationship between LST and NDVI 

 

Figure 8: Relationship between LST and NDBI 

 
Relationship between LST, NDVI, and NDBI  

The results showed that the value of NDVI was 
located between -0.06 and 0.44. The high value 
of NDVI was distributed in the outskirts of the 
city. The low value of NDVI was mainly observed 
in urban and dense residential areas with less 
vegetation coverage (Figures 5-6). The results 
indicated that the vegetation covered areas 
weaken the effect of UHI (Liu and Zhang, 2011). 
Xiong et al. (2012) also found that high tempera-
ture anomalies are closely associated with built-
up land, densely populated areas, and greatly in-
dustrialized zones. 

The relationship between LST, NDVI, and NBDI 
was examined by using linear regression corre-
lation analysis. For this, 40 ground control points 
were randomly tested to determine the correla-
tion in the city. Based on these ground control 
points, a scatter plot was made between LST, 
NDVI, and NBDI (Figures 7 and 8). The relation-
ship derived from the scatter plot shows high ac-
curacy results since all correlation coefficients 
(r2) were greater than 0.8 for regression analy-
sis. From Figures 7 and 8, it can be clearly ob-
served that there is a negative linear correlation 
between NDVI and LST (except water) and a pos-
itive linear correlation between NDBI and LST 
because built-up areas significantly absorb 
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more solar radiation than the surrounding rural 
areas. Kikon et al. (2016) also found that same 
result in their study, temporal changes in rising 
trends of urban heat islands (UHI). They con-
cluded that the correlation between NDVI and 
temperature was negative but NDBI and temper-
ature showed a positive correlation.  

 

Conclusion  
In this study, it is concluded that the spatial dis-
tribution of urban heat islands is mainly located 
in the central part of Varanasi city. The core of 
the city area experienced an average LST of 
36.7˚C, more than the surrounding rural area of 
32.5˚C. The areas with impervious surfaces, high 
population density, and low vegetation cover 
and human activities experienced high land sur-
face temperature intensity. On the other hand, 
the low value of NDVI was mainly located in ur-
ban and high density residential areas. Correla-
tion studies showed that the land surface tem-
perature is negatively correlated with NDVI. LST 
and NDBI share a positive relationship. This find-
ing assists in monitoring and mitigating the ur-
ban micro climate. LST, NDBI, and NDVI indices 
can be used to predict spatial characteristics of 

the UHI and could be applied further to the es-
tablishment of environmentally friendly urban 
planning. Additionally, the presence of green 
spaces made important contributions to the reg-
ulation of the city climate, and green spaces in-
creased humidity in the air and decreased the 
temperature, thus improving the air quality of 
surrounding urban microclimates. The im-
portant role played by green space as a temper-
ature mitigating element is found. So, an urban 
climatic factor is a necessity to be considered as 
standards to perform sustainable development, 
as well as to mitigate urban heat island effects in 
the urban environment to provide better quality 
of life for urban residents. In addition, landscap-
ing vegetation in an urban region will support to 
beautify the city environments and transform ur-
ban microclimates to make it health favorable for 
urban dwellers. 
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Abstract. Biodiesel, as one of the most effective, alternative, environmentally 
friendly, and carbon-neutral alternative biofuel, can be especially useful in urban 
areas, where concentration of vehicles is high and the air is polluted with the 
harmful emissions from internal combustion engines. The present work is fo-
cused on the analysis of the most important characteristics of both biodiesel and 
conventional (oil-based) diesel fuels; based on its research and findings, the ar-
ticle gives the recommendations how to improve the nano-composition of bio-
diesel so that it could be more widely used in diesel engines. The oil and acid 
compositions of biodiesel fuel have been studied and identified through liquid 
chromatography and the functional groups of the fuel were analyzed using the 
Fourier IR spectrometer. Based on the results of the research, an improved com-
position of biodiesel has been identified, which, while meeting the demands of 
EN 14105, ASTM D 6751, and EN 590 standards, can significantly reduce green-
house gases (GHGs) and harmful emissions. 
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Introduction 
Biodiesel is mono-alkyl esters of long-chain fatty 
acids derived from vegetable oils or animal fats 
though the process of etherification. The name 
“Biodiesel” has been given since it is a clean-
burning alternative fuel, made from natural veg-
etable oils, and/or animal fats, i.e. bio resources. 
Biodiesel is a high-quality fuel; therefore, bio-
diesel can be used in any segment of industry 
where petro-diesel is used, including internal 
combustion engines.  

The greatest advantage of biodiesel, however, is 
that it is an eco-friendly fuel. Biodiesel is renew-
able and sustainable and can significantly reduce 
the danger of an environmental disaster. Biodeg-
radability in both soil and water is another im-
portant advantage of biodiesel, some 89% of the 
carbon contained in biodiesel will be biode-
graded in just 28 days. Biodiesel can sharply re-

duce - up to 85% - emissions of Polycyclic Aro-
matic Hydrocarbons, which are identified as car-
cinogenic compounds.  

The physical and chemical characteristics of bio-
diesel are quite close to those of petroleum-
based diesel fuel, but at the same time, biodiesel 
is eco-friendly and carbon-neutral. In addition, 
since biodiesel has a closed carbon cycle, bio-
diesel, unlike petroleum-based products, does 
not add greenhouse gases (GHGs) to the atmos-
phere (Antolin et al., 2002; Khan et al., 2007; 
Sheehan et al., 1998; Vicente et al., 2004). Bio-
diesel is especially effective in urban areas, 
where the concentration of vehicles is high and 
the air is more polluted with harmful emissions 
from internal combustion engines 

Biodiesel can be blended with petroleum diesel. 
The blend B20 (i.e. mixture of 20% biodiesel 
with 80% petro-diesel) improves the parame-
ters of the fuel and meets better the demands in 
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terms of emissions control and, what is most im-
portant, B20 does not require any engine modi-
fication. B20 can be used in almost every type of 
vehicle, including the municipality buses, i.e. 
public transport in the cities, thus contributing 
toward eco-friendly and sustainable develop-
ment of urban transportation.  

The present work is focused on analysis of the 
most important characteristics of both biodiesel 
and conventional (petroleum-based) diesel 
fuels; based on its research and findings, the ar-
ticle gives the recommendations how to improve 
the nano-composition of biodiesel so that it 
could be more widely used in diesel engines 
without any modification of the engines. 

 

Materials and Research Methodology 
The well-adopted method for producing bio-
diesel is the biochemical process named etherifi-
cation of triglycerides (TGs), usually those of 
plant oils. TGs react with alcohol in the presence 
of the acid or base catalysts and the outcome is 
alkyl esters of fat acids and glycerin (Freedman 
et al., 1986; Wright et al., 1944). Reactions are 
consecutive and reversible. From the pure 
chemical point of view, biodiesel is methyl ester 
if methanol is used in the process of etherifica-
tion, and consequently, ethyl ester, if ethanol is 
applied.  

The whole process is comprised of three reversi-
ble reaction when di- and monoglycerides are 
created as intermediate products (Freedman et 
al., 1986). The reaction needs 1 mol of triglycer-
ides and 3 mol of alcohol, and after the reaction, 
alongside the esters, glycerin as a by-product is 
obtained.  

It has been proved that methyl ester and ethyl es-
ters are almost similar from the point of view of 
thermal content. Therefore, while receiving es-
ters, using ethanol can bring extra advantages 
related to the extra carbon atom of the molecule 
of ethanol, which increases thermal content and 
cetane number. And in addition, ethanol, as the 
alcohol of organic origin, can make the produc-
tion of biodiesel completely based on bio re-
sources (Tyson, 2001; Vicente et al., 2007). 

The reaction can be run by acid or a base catalyst 
as well as a ferment catalyst; the chemical cata-
lysts, however, proved to be more practical, ra-
tional, and the process of etherification goes 
faster and it is cost-effective as well, comparing 
the reaction in the presence of ferment catalysts. 
The process of etherification in the presence of 
base catalysts such as NaOH or KOH, implies the 
removal of glycerin from fatty acids and replac-
ing it with alcohol, usually methanol. The by-
product, glycerin, is used in the industry for the 
production of soap, and after refining, the cos-
metic and perfumery industry (Knothe et al., 
2005). 

The alternative method is to use heterogenic 
(solid) catalysts for the process of etherification. 
The heterogenic (solid) catalysts have the ad-
vantage that they could be removed from the 
area of reaction and used again. Process of ether-
ification with solid catalysts is considered as the 
most “green” process of etherification. That pro-
cess does not require neither recovery of the cat-
alyst, nor the phase of water treatment (wash-
ing), thus ensuring the high outcome of the me-
thyl esters, which are very close to the theoreti-
cal values (Cao et al., 2008), as per the glycerin, 
it will be produced with the higher purity, with 
98% and more not containing impurities 
(Bournay et al., 2005; Melero et al., 2009). 

As per the method of supercritical area of alco-
hol, it has only one phase for etherification, 
which provides many advantages for the indus-
try (Dermidas, 2002; Kusidiana and Saka, 2001; 
Madras et al., 2004; Warabi et al., 2004).  

 

Results and Discussions 
The present work is focused on analysis of the 
most important characteristics of both biodiesel 
and conventional (petroleum-based) diesel fuels 
and based on its research and findings, the arti-
cle gives the recommendations how to improve 
the nano-composition of biodiesel so that it 
could be more widely used in diesel engines. 

We have studied and analyzed biodiesel ob-
tained from the fresh oil of rapeseeds (Brassica 
napus), as well as secondary (cooking) oil from 
the food industry, which served as raw materials 
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for biodiesel production. From these bio re-
sources, through the process of etherification of 
with methanol, we have received pure biodiesel 
fuel, i.e. B100 and free glycerin. Alongside, we 
have received several composites of biodiesel 
(B10 and B20) and analyzed their physical and 
chemical characteristics.  

Chromatographic analysis of the B100 fuel re-
vealed the following substances: the acids of hex-
ane, octane, nonane, decane, and the mono me-
thyl esters. The test showed that biodiesel B100 
produced in the lab of Ilia State University met 
the existed standards defined as ASTM D 6751. 
The analysis of biodiesel, received from both 
plant oil and the secondary cooking oil, have 
shown that the characteristics of biodiesel are 
quite similar to those of the conventional, petro-
leum-based diesel fuel.  

Biodiesel can be blended. The blend B20 (i.e. 
mixture of 20% biodiesel with 80% petro-diesel) 
improves the parameters of the fuel and meets 
better the demands in terms of emissions control 
and what is most important, B20 does not re-
quire any engine modification. B20 can be used 
in almost every type of vehicle, including munic-
ipality buses, i.e. public transport. As per B100, 

which is a pure biodiesel, it can be successfully 
used in any tracks and tractors and other farm-
ing machinery with diesel engines.  

Since biodiesel is intended to be used in internal 
combustion engines, the physical and chemical 
parameters and characteristics of the blend B20 
and pure biodiesel B100 were carefully analyzed 
and compared to those of a conventional petro-
leum diesel fuel. Each character was analyzed ac-
cording to the existing standards (Table 1). 

The physical and chemical parameters of bio-
diesel were analyzed using SPECTRUM Version 
10.4.2.PerkinElmer. Figure 1 shows the spectrum 
of B100, where the functional groups of the com-
pounds have been identified.   

The compositions of fatty acids in biodiesel were 
defined by using a liquid chromatographer and 
the functional groups by Spectrum Two spec-
trometer. The conducted analyses have clearly 
demonstrated that the physical and chemical pa-
rameters of both B100 and B20 were within the 
standards of EN 14214, ASTM D6751, and EN 
590 (Li et al., 2008).  

 

Table 1 

Chemical and physical characteristics of biodiesel fuels B100, B20, and petroleum diesel 

PROPERTY Biodiesel  
B100 

Biodiesel 
B 20 

Diesel fuel from “SOCAR”  

Density at 150C, kg/m3 884,0 848,0 834,0 
Density 0API 28,56 35,36 38,16 
Viscosity, mm2/s at 400C  5,2 3,3 2, 0 
Flash point, 0C 120 64 56 
Acid number, mg КОН/g  0,015 0,0069 0,0048 
Cetane Number  51 50 48 
Sulfur content, mg/kg - 4,5 10 
Ash content, % 0,021 0,0091 0,0155 
Polycyclic aromatic hydrocarbons, % - 5 6 
Carbon residue (on 10% residue), % 0,4 0,28 0,3 
Copper strip Corrosion, (3 hours 500С)  №2  №1,5 №1,5  
Corrosion resistance, g/m3 6 6 6 
Content of fatty acids and methyl ester, % 5 5 5 
Total contamination, mg/kg - - 20,5 
Distillation    
50% 2700C 2600C 2400C 
96% 3000C 3050C 2950C 
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Figure 1: Biodiesel B100 spectrum 

 
Figure 2: Petroleum diesel fuel and B20 biodiesel spectrums 
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Figure 2 shows the spectrums of B20 and con-
ventional (petroleum-based) diesel fuels. While 
comparing these two spectrums, we can see that 
B20 characteristics are similar to those of the 
conventional diesel fuel, however, biodiesel and 
its blends are much more eco-friendly, reducing 
harmful emissions (Khetsuriani et al., 2017). 

With the aim to improve the parameters of bio-
diesel and make it suitable for a wider spectrum 
of engines without any modification, we identi-
fied a new nano-composition of Biodiesel. Hav-
ing defined a new composition of biodiesel, we 
have compared the physical and chemical char-
acteristics of this new composition with the 

standards of B100 ASTM D6751-07a. We have 
analyzed the structural groups using an infrared 
spectrometer. We have compared the spectrum 
of B100 and that of newly defined nano-compo-
sition of biodiesel.  

Figure 3 shows the spectrum of both B100 and 
the newly defined nano-composition of bio-
diesel. When comparing the physical and chemi-
cal parameters of conventional biodiesel and 
nano-diesel, and their spectrums, it becomes ob-
vious that several major parameters of biodiesel 
have been improved and what is important, the 
structural compositions remained stable.  

 
Figure 3: B-100 biodiesel and nano-biodiesel spectrums 
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Conclusions 
We have found that acid number was reduced 3 
times, which means that the corrosion resistance 
index has been significantly improved. The other 
main parameters also were improved, namely 
the flash point became closer to the optimal 
point, as defined by the standards; density at 
15°C, kg/m3, as well as ash content and carbon 
residue characteristics have been also improved.  

All these improvements give biodiesel fuel the 
possibility to be used in a wider range of engines, 
and the improved nano-composition allows bio-
diesel to be used both in pure, i.e. B100, and/or 
blended with petroleum diesel fuel forms. Based 
on the parameters of the newly defined nano-
composition of biodiesel, the performance of the 
engine powered by this type of biofuel will be im-
proved.   

The new composition of the biodiesel has been 
tested in the vehicles of Ilia State University fleet, 

as well as in the selected municipality buses of 
the city of Tbilisi, Georgia. We are planning to 
vigorously test the new nano-composition of bi-
odiesel in the city buses and then gradually 
switch the petroleum diesel fuel with biodiesel 
fuel for the municipality vehicles.  

On the basis of our research, a new biodiesel pro-
duction plant is under construction in Tbilisi, 
Georgia, and it will be fully operational in April 
2018. The plant will provide the city transport 
with clean, eco-friendly fuel—biodiesel—thus 
improving air quality and ensuring sustainable 
development of the city transport.  

The improved physical and chemical parameters 
of biodiesel will allow the usage of this eco-
friendly fuel and its blends in almost all kind of 
internal combustion diesel type engines, without 
any modification, thus serving as a reliable, alter-
native fuel for sustainable city transport and re-
ducing GHG emissions. 
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Abstract. Adopting technologies to a region requires careful consideration of its 
functional performance under the given climate. This study investigated how the 
performance of the double-skin façade (DSF) concept is affected by the materials 
used to construct the outer skin, i.e. transparent glass and opaque concrete and 
phase change material (PCM) impregnated concrete, and the amount of perfora-
tions or openings in the outer skin in a typical high-rise building under the hot 
arid climate of the UAE. Findings show that all DSF variants reduce solar gain 
reaching indoor conditioned spaces and provide an envelope of air in contact 
with conditioned spaces that is at a lower temperature than outdoor ambient. 
The combination of these effects provides savings in whole building annual cool-
ing demands. These energy benefits are found to increase as the thermal mass 
of a DSFs outer skin increases. Whilst savings will be building specific, they can 
be expected to be in the region of 8% to 20% for a glass DSF, 15% to 45% for a 
concrete DSF, and 30% to 50% for a PCM impregnated DSF. Results show that 
increasing the amount of perforations up to 45.6% of external skin area has little 
impact on the extent of reduction in DSF cavity temperature for glazed and con-
crete DSF but it does have a significant impact on that of PCM external skins.  
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Introduction 
The hot arid climate of the UAE results in the 
need for mechanical cooling in buildings for most 
of the year and this is expected to increase under 
projections of future climate change. With cur-
rent typical outdoor ambient temperature above 
25°C for 75% of annual working hours, relative 
humidity above 60% for more than 20% of 
hours, and solar radiation above 893W/m2 for 
more than 15% of hours, the main heat gain 
sources driving the need for mechanical cooling 
include high conductive heat gain from high am-
bient air temperature surrounding the external 
surfaces of buildings and high levels of solar ra-
diation being transmitted into conditioned in-
door spaces (Shanks, 2016). With many high-rise 
buildings in the UAE exhibiting an ongoing trend 
of high glazing to wall ratios (Aboulnaga, 2006), 

upward of 60%, the concept of the double-skin 
façade (DSF) could offer a way to passively re-
duce cooling demand in many high-rise building 
projects. DSFs offer the potential of reducing the 
temperature of air surrounding the external sur-
faces of conditioned indoor spaces below that of 
the ambient air, partly by flushing unwanted 
heat away from conditioned inner skins through 
natural ventilation means, and partly by reduc-
ing solar heat gain, both of which otherwise add 
to the heating up of the inner skins of indoor con-
ditioned spaces. Considering that improving the 
thermal performance of DSF outer skins would 
reduce cavity temperature and thereby reduce 
conductive heat gain, whilst also providing a de-
gree of shading from solar heat gain, the cooling 
impacts of a number of DSF constructions and 
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configurations have been investigated to deter-
mine the principal design considerations to be 
addressed in the application of DSF in the hot 
arid climate of the UAE. 

 
Double-Skin Facades (DSFs) 
There are many different types and configura-
tions of DSFs. Key characteristics have been 
identified in classifications by BBRI (2015) and 
those reported by Arons (2000). These provide 
distinctions between DSFs on type and mode of 
ventilation, i.e. origin and destination of cavity 
air, cavity geometry, e.g. vertical and horizontal 
cavities, operability, e.g. openable elements and 
blinds, and materials of inner and outer skins.  

DSF in Hot, Arid Climates 

DSF technology is most commonly utilized in the 
temperate climates of Europe as a solution to re-
duce heating loads during cold winters and mild 
summers. However, some applications in 
warmer climates have been studied (Hashemi et 
al., 2010; Yagoub, et al., 2010) and found gener-
ally unfavorable performance but identified de-
sign and operation characteristics that would 
improve overall performance benefits of DSF. 

According to Yagoub et al. (2010), the intensity 
of solar radiation and air temperature of the hot 
and arid climatic zone, results in cavity tempera-
ture to rise up to 70°C causing an increase in the 
cooling load of the building and also necessitat-
ing mechanical ventilation to cool the air gap to 
maintain the air gap temperature close to ambi-
ent conditions. The building analysis reported, 
which was the proposed design for National 
Holding Headquarters in Abu Dhabi, UAE, had no 
opening on the external skin to allow for natural 
ventilation. This would have played a significant 
role in the high air cavity temperatures reported 
and thereby poor potential cooling savings. 

Hashemi et al. (2010) studied the thermal per-
formance of DSF in Tehran, Iran, and found that 
cavity temperature in summer is almost always 
1–10°C higher than the ambient temperature. It 
was also concluded that due to high ambient 
temperature and lack of ventilation, heat accu-
mulated in the cavity during night-time leading 
to an increase in the cooling load. Suggestions 
given to optimize the performance of DSFs were 

to allow for night-time ventilation and install 
shading devices to prevent overheating in the 
cavity during mornings. The airflow regime 
within the DSF cavity adopted in this study 
would have had a direct impact on the cavity air 
temperature and resultant impact on cooling. 
Over the course of a year, the Tehran climate dif-
fers from that of the UAE in that it has a cold 
semi-arid climate with average summer temper-
ature being below 30°C. 

These studies, amongst others, indicate that air-
flow in DSF cavities have a major impact on per-
formance in hot and arid climates.  

DSF Performance 

Yellamraju (2003) evaluated the performance of 
DSFs on an office building in a hot climatic region 
of India. It was concluded that, although trans-
parent layers decrease the overall U value of the 
façade system, the associated radiative and con-
vective heat transfer increases the cavity tem-
perature. Among the strategies studied, the ones 
involving transparent layers had reduced cool-
ing load by only 4–10% below basecase, making 
it less viable. However, when the configuration 
involves an opaque external skin and transpar-
ent glazed inner skin, the cooling load was 13–
28% lower than basecase. Fallahi et al. (2010) 
studied the performance of DSF with integrated 
thermal mass under the humid sub-tropical cli-
mate of Torino, Italy. It was found that a DSF sys-
tem with outer skin of concrete and inner skin of 
glass reduced cooling load by 40% in summer 
over the basecase and performed better when 
compared to conventional DSFs with aluminum 
blind, conventional DSFs with two panes of con-
crete thermal mass material located within the 
cavity, and DSFs with inner skin of concrete and 
outer skin of glass. 

These examples, reporting the significant energy 
benefits of DSFs with a concrete outer skin, indi-
cate that combining an opaque outer skin with a 
glazed or transparent inner skin is the most ef-
fective DSF approach in hot climates. However, it 
is important to remember that with this combi-
nation the wider architectural benefits of a 
glazed inner skin, such as view and daylighting, 
are directly negated by an opaque outer skin. 
This negative implication can be ameliorated by 
having perforations in an opaque outer skin 
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which would enable some degree of daylighting 
and views from indoor spaces. In this context, 
our study investigated how the type of external 
skin materials and proportion of perforations af-
fect DSF cavity temperatures and whole building 
cooling demand. 

 

Methodology 
As the performance of DSF is a function of the air-
flow and heat transfer occurring in the façade 
cavity, an ideal model of a naturally ventilated 
DSF for the region will be one that has significant 
air movement within the cavity at a temperature 
below the outdoor ambient. Two main factors 
dictate the scale of these parameters, namely, ge-
ometry and thermal properties of the external 
skin. Where computational fluid dynamics (CFD) 
account for drivers of air movement at a fixed 
point in time dynamic thermal simulation is also 
needed to account for the time varying transfer 
of heat. Therefore, calculated outputs from dy-
namic thermal simulations, conducted in inter-
nationally validated thermal model software 
IES-VE Apache, were checked against CFD mod-
eling results of the worst-case hour in a year to 
determine the suitability of results. To produce 
the hourly annual dynamic results of cooling de-
mand, heat gains, and temperatures, air move-
ment up through the DSF cavity were modeled as 
bulk airflow driven calculated hourly dynamics 
of temperature difference, wind speed and wind 
direction. These temperature and air velocity re-
sults were compared to results generated from 
CFD modeling to check suitability of the dynamic 
modeling. Cooling and ventilation energy model-
ing of conditioned indoor spaces were based on 
an idealized HVAC system with open-top cooling 
where there is no limit to the capacity of cooling 
in each space such that the space design temper-
ature was always reached, this was considered to 
represent the maximum cooling load for com-
mon occupant density and ventilation standards.  

The CFD based IES-VE Microflo was used to cal-
culate cavity air velocity (airflow); inner and 
outer skin surface temperature as well as cavity 
air temperature distributions for a peak cooling 
hour for three of the model variants. The bound-
ary conditions for the Microflo modeling were 
generated and imported from the ApacheSim 

simulations. The standard k-ε turbulence model 
was adopted across the modeled variants as the 
flow within the DSF cavity was predicted as fea-
turing transitional and more turbulent flows, 
with medium to high Reynolds numbers. The ge-
ometry meshing for the CFD models was 
achieved in Microflo, which uses structured non-
uniform rectilinear Cartesian grid. The available 
grid quality control is the aspect ratio and the 
highest acceptable aspect ratio by the solver is 
50:1. The highest aspect ratio of the study mod-
els was 18:1, which is well within the acceptable 
range of the software. The CFD results were used 
only as a check of the dynamic thermal simula-
tion results. 

DSF Study Models 

The following three sets of DSF constructions 
and configurations were modeled, each having 
an inlet at ground floor level and outlet at roof 
level in addition to any perforations in the outer 
skin across the height of the DSF: 

- Model 1 - Glazed Outer Skin (5 variants hav-
ing different proportions of perforations) 

- Model 2 - Concrete Outer Skin (5 variants hav-
ing different proportions of perforations) 

- Model 3 - PCM Impregnated Concrete Outer 
Skin (5 variants having different proportions 
of perforations) 

Although the performance of a DSF would be 
sensitive to the size and shape of both the inlet 
and outlet, the impact of variations in these are 
beyond the scope of the study reported here. The 
geometry of a DSF impacts directly on the nature 
of airflow and heat build-up in the cavity. The 
DSF configuration that offers the greatest oppor-
tunity to reduce cooling demand, by having a 
cavity temperature that is lower than outdoor 
ambient, is one with compact surface shape and 
area for heat absorption and unobstructed air 
movement through the height of the cavity to 
flush out built up heat. 

Cavity depth is a primary factor that controls the 
rate of ventilation, and the amount of heat re-
tained in the DSF system. According to studies 
conducted by Rahmani et al. (2012) and Regaz-
zoli (2013), the optimal cavity depth at which the 
cooling load of the building is placed is at least 
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between 1,000–1,200 mm. Hence a cavity depth 
of 1,000 mm is adopted for the high-rise multi-
story DSF for this study and this is modeled as 
being completely naturally ventilated (see Fig-
ure 1). 

Airflow and temperature characteristics of the 
cavity are subject to constant change based on 
the ambient weather conditions and estimating 
the overall annual impact of these, through dy-
namic thermal simulation, is one of the central 
objectives of this study. Hence, to explicitly ac-
count for these dynamics or changes, the cavity 
is modeled as a “room” with no internal heat 
gains. However, in dynamic thermal simulation 
software, as individual rooms within the model 
are assigned with a single calculation node at 
which the temperature of the whole room is av-
eraged, this would produce results that do not di-
rectly account for the temperature variation oc-
curring throughout the height and width of DSF 
cavities and an average constant temperature 
would be assumed for the cavity, leading to inac-
curacies in calculated annual cooling demands. 
To ensure that the temperature and airflow dy-
namics are accounted for, the cavity is separated 
vertically and horizontally into zones at each 
floor level via “holes” in order to ensure un-ob-
structive airflow. The airflow between these 

zones is automatically calculated, within the dy-
namic thermal simulation as a function of chang-
ing temperature and pressure differences. CFD 
analysis was conducted on three of the DSF study 
models to briefly check air velocity, direction, 
and temperature distributions supported the dy-
namic thermal simulation results. These were 
conducted for the west facing DSF elevations un-
der the peak weather condition of 15:30 on July 
23, as this was a worst-case scenario in terms of 
DSF performance, i.e. highest average cavity tem-
perature. Each CFD model used a standard k-ε 
turbulence model with hybrid discretization. Hy-
brid discretization is one of the three solver 
schemes available within Microflo and is used for 
the DSF study models as it evaluates the relative 
ratio of convection and diffusion to apply upwind 
or central differencing method as suitable to pro-
duce solutions. The standard k-ε turbulence 
model was adopted, for computational effi-
ciency, as airflow within the DSF cavities are con-
sidered to range from medium to high turbu-
lence due to the amount of external skin perfora-
tions. The surface heat transfer coefficients for 
each surface of the model are program calculated 
as per the thermal properties of the assigned 
construction materials. The initial conditions for 
DSF cavity temperature were set at 25°C and ve-
locity at 0 m/s were set for the CFD models to 
begin the iterative solution. 

 

 

 

Figure 1: Sample cross section of common DSF model construction (not to scale) 
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Model 1 - Glazed Outer Skin (no perforations in 
outer skin) 

A conventional DSF was built with the aim to 
achieve energy efficiency without compromise 
on the use of glass. Hence, the first external skin 
to be examined under the climatic conditions is 
glass. As mentioned, a high-rise multistory DSF 
with cavity depth of 1,000 mm is used for this 
study. Air inlet and outlet of dimension 30 x 1 m 
(lxh) is provided at the bottom and top of the DSF 
as shown in Figure 2. The outer skin glazing has 
a U-value of 1.56 W/m2K, SHGC of 0.47, visible 
light transmittance of 71%, outside reflectance 
of 0.072, and net R value of 0.813 W/m2K. 

 

Figure 2: DSF general configuration (air inlets 
& outlets) 

 

Model 2 - Concrete Outer Skin (perforations in the 
outer skin) 

To analyze the impact of increasing thermal 
mass of the external skin, concrete skin configu-
rations with varying percentages of perforations 
were made as shown in Table 1 and Figure 3.  

Aerated concrete was adopted as the exterior 
skin having thermos-physical properties of 
thickness 100 mm, density 500 kg/m3, specific 
heat capacity 840 J/kgK, and thermal mass 21 
kJ/m2K. 

Model 3 - PCM Impregnated Concrete Outer Skin 
(perforations in the outer skin) 

The third model variation is based on increasing 
the thermal capacity of the external skin from the 
previous model. For this purpose, concrete skin 
is impregnated with PCM. Due to inability of IES-
VE to simulate the exact nature of PCM, i.e. its la-
tent heat capacity and phase change as result of 
ambient temperature, an alternate way to model 
the skin was adopted. Kendrick and Walliman 
(2007), proposed a method called the “condi-
tioned cavity method” to dynamically simulate 
the latent heat storage capacity of PCM in IES-VE. 
In this method, a cavity representing the PCM 
material is placed adjacent to the space being 
conditioned by PCM. The cooling set point in the 
cavity is set at the melting point temperature of 
the selected PCM with a limited cooling capacity 
as dictated by its latent heat storage capacity. 
This method is used to simulate the latent heat 
storage capacity of the PCM impregnated con-
crete skin in this model variation. In our current 
study, this cavity has been denoted as the “PCM 
dummy room.” 

 

Table 1 

DSF model variants 

Model 
variants 

Number of 
individual 
perforation in 
outer skin 

Perforations 
proportion of 
total outer skin 
area (%) 

1.0, 2.0, 3.0 2 1.9 
1.1, 2.1, 3.1 30 11.5 
1.2, 2.2, 3.2 28 18.8 
1.3, 2.3, 3.3 32 22.2 
1.4, 2.4, 3.4 590 37 
1.5, 2.5, 3.5 238 45.6 

 

PCM impregnated aerated concrete blocks are an 
available building material having a latent heat 
capacity of 110 kJ/kg and a melting point of 26°C. 
The amount of PCM impregnated into the con-
crete requires careful consideration as it affects 
the mechanical properties of the concrete mix-
ture. Hence, only 5% (by mass) of PCM is con-
tained within the modeled aerated concrete 
blocks (Halúzová, 2015). 
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Figure 3: Sample of outer skin perforation variants 

 

 
Figure 4: Model 1 glazed outer skin – DSF average cavity temperature for each orientation and 

floor 

 

The latent heat capacity of the concrete skin with 
the selected PCM is calculated as follows:  

Density of aerated concrete = 500 kg/m3 and 
volume of concrete layer is 104.4x (l) x 30 (b) x 
0.1(h) = 313.2 m3. Therefore the mass of PCM in 
aerated concrete at 5% = 7,830 kg with a latent 
heat storage capacity of PCM = 110 kJ/kg. There-
fore, the equivalent total latent heat storage ca-
pacity of the PCM impregnated outer skin = 
239.25kWh. The latent heat storage capacity is 

set as the cooling setpoint, i.e. when cooling is 
switched on, for the “PCM dummy room” that 
represents the PCM impregnated aerated con-
crete block outer skin. In this modeling approach 
the “PCM dummy room” has 239.25 kWh of free 
cooling which becomes available when the “PCM 
dummy room” reaches 26°C and once this cool-
ing is consumed, any further heating from con-
duction, convection, or radiation has the effect of 
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heating and thereby increasing the temperature 
of the “PCM dummy room.” 

 

Results and Discussion 

The main areas of focus in this study are the per-
formance of the various DSF constructions and 
configurations, in terms of DSF cavity and inner 
skin surface temperatures, and the impact of 
these on the annual whole building cooling de-
mand. These are investigated for the typical UAE 
weather year and the peak cooling hour, i.e. the 
hottest hour in a typical year, which is at 15:30 
on July 23.  

DSF Performance  

DSF cavity temperature varies depending on ori-
entation. A west-facing DSF exhibits the highest 
cavity temperatures, i.e. the poorest perfor-
mance, throughout its height and breadth on the 
peak cooling day when outdoor ambient is 
47.0°C (see Figure 4). Due to this, the west-facing 
DSF, having lowest reduction in cavity tempera-
ture beyond outdoor ambient, is taken as the 
main focus of further results analysis albeit all 
dynamic thermal model variants have the same 
DSF variant on all elevations as that on the west. 

For a west-facing DSF, a fully glazed outer skin, 
i.e. Model 1 (1.9% perforations), does provide a 
reduction in cavity temperature on lower floors 
but this benefit is reduced in the top half of the 
DSF, i.e. floors 15 to 30 (see Figure 5A). The re-
duced cavity temperature at lower floors is con-
sidered to be due to the buoyancy effect moving 
warm air from low level toward the upper levels. 
This reduces convective and conductive heat 
transfer to the inner glazed skin resulting in 
lower inner skin surface temperatures at low 
level as illustrated by the peak cooling day CFD 
results for an external skin perforation of 11.5% 
(see Figure 5B). As warm cavity air reaches the 
upper level outlet, the temperature is closer to 
and exceeds that of the ambient air on the other 
side of the outlet. This temperature difference 
alone would drive airflow out of the cavity 
through the outlet but with external wind pres-
sure counteracting this to some degree the out-
flow is reduced resulting in an accumulation of 
heat. A similar condition is observed between 
floors 10 to 20. The scale of this effect will be de-
pendent on wind direction, wind velocity, and 
the size and characteristics of the upper outlet. 

 
Figure 5: (A) Glazed DSF average cavity temperatures; (B) Glazed DSF inner skin temperature 

distribution (percent external skin perforations = 11.5%) 
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Figure 6: (A) Concrete DSF average temperatures; (B) Concrete DSF inner skin temperature 

distribution (percent external skin perforations = 11.5%) 

 

As expected, the concrete DSF results in cavity 
temperatures marginally lower than the glazed 
DSF for all external skin perforations variants 
apart from the 37% and 45.6% variants, where 
no additional benefit is found (see Figure 6A). 
This lack of improved reduction in cavity tem-
peratures for 37% and 45.6% variants is consid-
ered to be due to the dominance of wind driven 
air movement and turbulence caused by these 
variants’ larger areas of perforations in the DSF 
outer skins. However, the extent of additional re-
duction in cavity temperatures, beyond that 
found for a glazed outer skin, is marginal, e.g. of 
the order of 5% or less at mid floors (e.g. 46°C 
glazed outer skin compared to 44°C concrete 
outer skin). Therefore, in terms of a DSF provid-
ing an envelope of cooler cavity air around con-
ditioned indoor spaces, concrete has only a mar-
ginal advantage over glazing as a DSF external 
skin, under the configurations studied. It should 
be remembered that concrete outer skins, being 
opaque, will have additional benefit over glazed 
outer skins in terms of reducing solar gain reach-
ing DSF inner skins. It is considered that DSF cav-
ity temperatures for the variants external skin 
perforations of 22.2% or less could be reduced 
further through adopting larger opening areas of 
the low-level inlet and high level outlet.  

As having no perforations in an opaque concrete 
outer skin would make a fully glazed inner skin 
entirely redundant, the results show that in-
creasing the proportion of external skin perfora-
tions has greater benefit in glazed DSF than in 
concrete DSF variants. This is indicated by the 
differences in average cavity temperatures be-
tween the perforations variants of these two 
outer skin materials, i.e. there is marginally 
greater differences between floor level average 
cavity temperatures with glazed outer skin than 
there is with a concrete outer skin up to perfora-
tion ranges of 22.2%. This is considered to be 
due the inner cavity-facing surface of the glazed 
outer skin reaching marginally higher tempera-
ture than that of the concrete outer skin due to 
having less heat storage capacity. 

Interestingly, although increasing the external 
skin perforations tends to stabilize cavity tem-
peratures across the height of the 30-story 
glazed DSF, overall it can be considered that such 
increases in external skin perforations, i.e. from 
11.5% to 45.6% for both DSF external skin mate-
rials, have negligible impact on overall DSF per-
formance in terms of providing an envelope of 
cooler air around a building. As noted earlier, 
there will be impacts from these types of varia-
tions on shading from solar gain, which will be 
discussed later.  
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The comparatively higher cavity temperature at 
the 30th floor with 22.2% perforations, for both 
glazed and concrete DSF, and the unexpected 
drop at the 30th floor with 45.6% perforations, 
for the concrete DSF, suggests a relationship be-
tween the amount of outer skin perforations and 
upper outlet size. However, considering this will 
be highly building specific, investigating it fur-
ther is beyond the scope of this study. 

Of all the DSF constructions and configurations 
investigated the PCM based DSF, i.e. Model 3, 
provides the greatest reduction in cavity temper-
ature (see Figure 7A). This DSF consistently re-
sults in cavity temperatures 10K or lower than 
that of the best performing concrete DSF, i.e. 
Model 2 variants, and up to 16K lower than a 
conventional fully glazed DSF, i.e. Model 1 vari-
ants. However, unlike the Model 1 and 2 variants, 
results indicate there is a clearer optimum pro-
portion of perforations as larger proportions of 
37% and 45.6% result in higher cavity tempera-
tures than the rest. Similarly, the effect of upper 
outlet characteristics combined with external 
wind pressure acting on all perforations is 

greater as indicated by the unexpected higher 
(i.e. perforations 1.9%, 11.5%, 22.2%, and 37%) 
and lower (i.e. perforations 18.8% and 45.6%) 
cavity temperatures at the 30th floor level. This 
issue is further supported by the generally uni-
form inner skin temperatures up to the high-
level outlet where the temperature is greatest 
(see Figure 7B). 

DSF Impact on Annual Whole Building Cool-
ing Demand 

The basecase building has an annual cooling de-
mand intensity of 262.23 kWh/m2yr as esti-
mated by thermal dynamic simulation. This is 
considered as being a reasonable model when 
compared to similar cooling intensity findings of 
similar UAE high-rise buildings reported in the 
literature, e.g. Shanks (2016). All the DSF con-
struction and configuration variations investi-
gated resulted in a reduction of annual whole 
building cooling intensity. These reductions or 
savings ranged from 8.7% for a glass DSF with 
45.6% perforations in the outer skin to 49.9% for 
a PCM DSF with 1.9% perforations in the outer 
skin (see Figure 8).  

 

 

 
Figure 7: (A) PCM DSF average cavity temperatures; (B) PCM DSF inner skin temperature 

distribution (percent external skin perforations = 11.5%) 

 

  

Binder1.pdf   232 2/25/2018   1:47:54 PM



International Journal of Environment and Sustainability, 2018, 7(2): 88-100 97 

 

 Science Target Inc. www.sciencetarget.com 

 

Figure 8: Annual cooling demand savings for model variants 
 
Generally, annual cooling saving decreases as the 
amount of external skin perforations increases 
(Figure 8). Due to the modeling approach taken 
in this study, such reductions in annual cooling 
savings can only be due to reductions in solar 
gains reaching indoor conditioned spaces, i.e. be-
hind the DSF, and reduced temperatures in DSF 
cavities. Therefore, considering that increasing 
external skin perforations has little impact on 
glazed and concrete DSF cavity temperatures yet 
do tend to impact overall annual cooling savings, 
the results indicate the dominant benefit of 
glazed and concrete DSF is shading from solar 
heat gains.  

The primary difference between the modeled 
concrete and PCM external skins is the capacity 
to absorb heat from the DSF cavities, where PCM 
has a higher capacity. This combined with the 
differences in DSF cavity temperatures between 
these two outer skin materials being in the range 
of 10K or approximately 25% and their differ-
ences in annual cooling savings being from 10% 
to 50%, the results indicate that the advantages 
of opaque PCM over opaque concrete DSFs are 
driven by the enhanced heat absorption of PCM 
producing lower DSF cavity temperatures. This 
finding illustrates the value and importance of 

maximizing the heat storage attributes when us-
ing an opaque external skin for a DSF in the 
UAE’s hot arid climate.  

Glass DSFs are found to provide clear savings in 
annual cooling demand with little variation in 
savings as the outer skin is perforated, or opened 
up, until perforations go beyond 22%. As ex-
pected, opaque concrete and opaque PCM DSF’s 
provide greater savings than glass DSFs, but 
these cooling energy benefits reduce as the outer 
skins are opened, i.e. external skin perforations 
increase.  

Whilst reducing cavity temperatures goes some 
way to reducing cooling demand, reducing solar 
radiation reaching the skin of indoor conditioned 
spaces, i.e. the inner skin of a DSF, provides sig-
nificant energy benefits. A glass DSF is the least 
effective at reducing the amount of these solar 
gains and commonly results in enabling up to 
three times as much solar gain to reach indoor 
conditioned spaces than opaque concrete DSF or 
opaque PCM DSF (see Figure 9). As there is a 
clear dependence of a buildings annual cooling 
savings on such solar gains in the hot arid cli-
mate of the UAE (see Figure 10), the ability of a 
DSF to reduce these gains is important.  
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Figure 9:  Solar gain reaching DSF inner skin for each model variant 

 

 

Figure 10. Influence of solar gain on annual cooling demand savings across all DSF model variants 

 

These effects, as well as the variations of the re-
sults shown below, are sensitive to the propor-
tion of perforations in the outer skin, the thick-
ness of the outer skin in terms of thicker skins, 
e.g. concrete, providing more shading, the physi-
cal position of the perforations in relation to 
glazed elements of the indoor conditioned 
rooms, and sun position. These latter factors 
could be readily harnessed to tune the layout and 
positioning of perforations to the solar and vis-
ual field of any particular building and site. 

 

Conclusions 
DSF is an advanced and relatively mature façade 
concept used in many different temperate and 
cool climates to provide heating and cooling sav-
ings at different times throughout the year. Other 
studies reported in the literature show it can 
have potential to provide cooling savings in more 

extreme climates, such as the hot arid climate of 
the UAE. This study supports this latter overall 
view of potential in the extreme climate of the 
UAE and further provides evidence of the im-
portance of opaque and high-heat storage capac-
ity DSF. 

The study finds that DSFs do provide savings in 
annual cooling demands, from 8.7% to 49.9%, in 
high-rise buildings under the hot arid climate of 
the UAE.  

Whilst a glazed outer skin does provide useful 
reduction in cooling demand, i.e. from 8.7% to 
22.5%, the scale of this is on average half as much 
as that provided by opaque concrete, i.e. 15.3% 
to 44.8%, and a third as much as PCM, i.e. 30.9% 
to 49.9%, outer DSF skins. The increased thermal 
mass provided by a PCM impregnated DSF outer 
skin results in the greatest cooling demand sav-
ings of 49.9%. This additional benefit of thermal 
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mass is a key finding for DSF in hot arid climates 
and should be a central design consideration.  

Perforating outer skins will be an important de-
sign issue for opaque DSF of concrete or PCM im-
pregnated concrete. Generally, as outer skin per-
forations are increased, annual cooling savings 
reduce and the majority of this reduction is due 
to increased solar gain reaching the surface of in-
door conditioned spaces. Opening up or perfo-
rating DSF outer skins does reduce the impact on 
cooling demand but with outer skins perforated 
up to 45.6% savings remain significant, e.g. 
15.3% concrete and 30.9% PCM, albeit they are 
typically reduced by approximately half, due to 
reduction in shading from solar gains reaching 
the surfaces of indoor conditioned spaces. 

As savings are mainly due to a reduction in solar 
gains reaching the surface of indoor conditioned 
spaces, i.e. inner skins of a DSF, and, to a lesser 

extent, by reducing the temperature of air in con-
tact with these surfaces, i.e. DSF cavity air, much 
of the cooling benefits of DSF could be potentially 
achieved by lower cost external shading systems.  

All DSF configurations investigated had the com-
mon problem of accumulation of heat at the up-
per levels. It is possible that this negative impact 
could be ameliorated by careful sizing and open-
ing design of inlets and outlets, all of which will 
be building and site specific. The DSF concept 
does lend itself to architectural expression and 
the findings of this study, e.g. DSF performance 
varying depending on orientation, cavity tem-
perature being relatively independent of amount 
of outer skin perforations for glass and concrete 
DSF, and heat storage capacity being a significant 
factor on DSF annual cooling savings, present 
relatively few limitations for tuning DSF in re-
sponse to whole building architectural objec-
tives.  
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Abstract. The power consumption per capita in the UAE is amongst the world’s 
highest with 11,264 kWh/person in 2014. The Emirate of Abu Dhabi power con-
sumption was estimated at 62,979,070 Mega-Watt hour (Mwah) in 2016, of 
which 30,867 kWh was produced from renewable resources. The country mostly 
relies on fossil fuels for generating electrical power. In 2014, the carbon emis-
sions from fuel-generated electricity was estimated to be 26.5 million tons of CO2 
equivalent. Therefore, the need to increase the share of renewable energy elec-
tricity production is of high importance. This study spots the light on a roof 
mounted PV system and compares between a stand-alone system and a grid-
connected system under Abu Dhabi net metering scheme using HOMER soft-
ware. A building was selected and the daily electric demand was found using 
Carrier HAP software, then HOMER was used to design and compare the two 
system arrangements. It was found that for a stand-alone system, the PV panels 
were able to produce 96,921 kWh/year with an initial cost of $ 176,250, net pre-
sent cost of $ 319,037 and a levelized cost of electricity (LOCE) of $ 0.345 per 
kWh. While a grid connected system can utilize lower PV production capacity of 
48,460 kWh/year with an initial cost of $ 41,205, net present cost of $ 98,544 
and LOCE of $ 0.107 per kWh. The attractive power generation numbers and 
costs associated with the grid-connected system can confirm that its application 
is justified both economically and technically compared to a stand-alone system. 
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Introduction 
Electricity consumption is expected to rise 11.3 
% annually in the Emirate of Abu Dhabi (ADWEA, 
2017). This high demand for power, if not man-
aged properly, will have a tremendous effect on 
the environment of the country as most of the 
country’s electricity is produced from fossil fuels 
that produce high amounts of greenhouse gases 
(GHGs). The shift into renewable resources such 
as solar energy is of high importance. However, 
this cannot be done without suitable research 
dedicated to modeling and assessing utilizing re-
newable resources in the power generation. The 
need to study the feasibility of Photovoltaic sys-
tems (PV’s), PV efficiency and performance, PV 
alternative systems, and cost effectiveness 

should be done prior to investing in this renew-
able energy source. 

The costs associated with investing in PV sys-
tems have decreased in a remarkable way during 
the last few years. For example, an amount of 
75,000–100,000 AED (~$205,000–275,000) can 
buy a 10kW grid-connected PV system including 
the panels, inverter, wiring and installation 
(ADDC, 2017). However, cost alone is not the 
only factor to consider in designing solar sys-
tems. Therefore, many studies are focused to 
find the best practices used in the design and 
performance of PV systems. The space required 
for PV panels is also an important factor in PV de-
sign as it may limit the number of panels used. 

Binder1.pdf   237 2/25/2018   1:47:54 PM



102 © Alhamad 2018 | Stand-Alone and Grid-Connected Roof Mounted PV Solar System 

 

Science Target Inc. www.sciencetarget.com 

Another important factor is to determine the 
configuration of the system with respect to grid-
connection or stand-alone (if permitted by the 
authority having jurisdiction).  

As a result, modelling renewable energy systems 
is rather a complex process since it is still under 
research and many variables such as cost and 
space requirements are changing rapidly, which 
may affect long-period investments. Moreover, 
the concept of “engineering working with eco-
nomics and environment” is very rare in the cur-
rent modelling renewable energy softwares. So, 
the need for an innovative software that can de-
sign, model, simulate, optimize, and assess multi-
configuration PV systems from a technical, eco-
nomical, and environmental point of view is very 
hard to find.  

HOMER (Hybrid Optimization of Multiple Energy 
Resources) software is a renewable energy sim-
ulation software developed by HOMER Energy 
LLC. The software gained a lot of attention from 
energy users, technology developers, and energy 
utilities due to its high abilities in solving the 
complexities of micro-grid systems cost and reli-
ability problems. It can also model and simulate 
a combination of conventional power generation 
system (fuel-based) with a renewable system 
(solar or wind energy) in two modes: grid-con-
nected and stand-alone systems. The software 
results can be used to optimize energy solutions 
needed to take critical decisions related to in-
vestment in renewable energies, strategic plan-
ning, and energy market analysis.  

 

Background 
PV panels capture the sunlight and convert it into 
electrical energy used to drive a certain load. It 
can be used on a large scale in power generation 
utilities and low scale on individual buildings. It 
can also be used as stand-alone systems, where 
the generated electricity from PV panels are 
stored in batteries to be used at night or at emer-
gency situations, or grid connected systems, 
where the generated excess electricity is fed into 
the utility grid under different schemes, espe-
cially in low-scale systems. Figure 1 shows a dia-
gram of a grid-connected PV system. 

 
Figure 1: A grid-connected PV system 

(Kewsolar Ltd.) 

 

The feed in tariffs scheme is widely used world-
wide in some US states as well as Germany where 
the consumer gets certain benefits from the gov-
ernment for any electricity generated from re-
newable resources, even if it was used by them 
to encourage the shift toward sustainable clean 
energy. Another grid connection scheme is net 
metering, where consumers feed the excess elec-
trical energy into the utility grid during day and 
use the grid power during the night and are 
charged only for the net purchases from the grid. 
This scheme was adopted in Dubai and Abu 
Dhabi recently. 

Globally, a sudden surge occurred in the China 
PV market in 2013, allowing it to become the 
world’s first PV market in 2015, dominating 18% 
of the total global market (Solar Power Europe, 
2016). Germany and Japan follow with 17.3% 
and 15% respectively as shown in Figures 2 and 
3. It is estimated that 303 GW PV systems had 
been installed all over the world by the end of 
2016 (IEA, 2016) making a percentage of 1.8% of 
the total global electrical demand of the planet. 
Many countries, including developed countries, 
started promoting PV systems driven by the lack 
of natural resources and high fuel prices. Policy 
makers are tilting their heads in the direction of 
PV systems, and yes, it can be said that the glob-
alization of PV systems have started and it is not 
a dream any more.  
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Figure 2: Evolution of global annual solar PV installed capacity 2000–2015 (Solar Power Europe, 

2016) 

 

 
Figure 3: Global top 10 solar PV markets total installed by end of 2015 (Solar Power Europe 2016) 

 
Abu Dhabi has a lot of sunshine. The high availa-
bility of solar energy in the area can make it com-
pelling to invest in solar systems. Thermal solar 
panels have been used in the Emirates for a long 
time to produce hot water to meet a building’s 
water demand as well as swimming pool heating. 
Yet, Photovoltaic cells, that are used to capture 
light from the sun and convert it to electricity, is 
rather a new concept in the region. That can be 
related to some governmental constrains on PV 
systems with respect to connecting power gen-
eration systems from individual suppliers into 

the power grid before making sure that it will not 
affect the reliability of the power grid. 

In January, 2017, Abu Dhabi Regulation and Su-
pervision Bureau published a guidance docu-
ment to support customers and suppliers with 
the technical requirements of accepted small-
scale PV systems. Moreover, the document pro-
vides a guidance for the design, installation, wir-
ing, specifications, operation, and maintenance 
of PV systems.  
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Figure 4: Case-study building plan 
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This came in support to the governmental vision 
of endorsing sustainable and renewable energy. 
Moreover, it provides the required knowledge 
and procedure to make sure that small-scale PV 
systems can meet the approved standards which 
allow them to be safe and reliable and can be 
successfully connected to the power grid.  

 

Research Methodology  
The main objective of this research is to compare 
between a stand-alone and grid connected roof 
mounted PV system for a mixed-use building un-
der the net metering scheme adopted by Abu 
Dhabi emirate recently. To achieve this, the fol-
lowing methodology was used: 

(1) Selecting the building 

(2) Calculating the daily electrical demand using 
Carrier HAP (Hourly Analysis Software) 

(3) Modelling the building in HOMER software 
for three scenarios as follows: 

(i) Without PV system 

(ii) Stand-alone system 

(iii)  Grid-connected system under net metering 

(4) Results and conclusions 

The Building 

The considered building is a 520 m2 community 
center. It has multiple office rooms, a meeting 
room, a gym, library, indoor dining area, outdoor 
alfresco, kitchen, and toilets. The ceiling of the 

building is of a cathedral type, which is sloped 
and symmetrical from both sides. The building 
was selected since it is a non-residential mixed-
use building that can resemble many buildings 
located at Abu Dhabi such as schools, hospitals, 
mosques, and commercial buildings. Moreover, 
the sloped and symmetrical roofs make it easier 
to install PV panels on the roof without indulging 
the outer shape of the building. Figures 4 and 5 
show the building plan and elevation respec-
tively. 

Electrical Energy Demand  

HAP is an energy modeling software usually used 
to calculate the heating/cooling load of build-
ings. The software was developed by Carrier air 
conditioning and has powerful energy analysis 
capabilities. It can also model more than one sce-
nario to check for the best alternative to suit the 
building and location. HAP is widely used in con-
struction engineering by HVAC designers, energy 
modelling engineers, sustainability profession-
als, and many others. 

 

 
Figure 5: Case-study building elevation 

 

 

 
Figure 6: A schematic diagram of district cooling building (Comfort Futures) 
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Figure 7: Abu Dhabi Water & Electricity tariffs for residential sector 2017 (ADDC, 2017) 

 
The building was selected to be cooled from out-
side by chilled water. This system is called dis-
trict cooling where the building is supplied with 
chilled water from a nearby cooling plant. This 
method shifts the power needed to drive heavy 
cooling equipment such as chillers and cooling 
towers to the district cooling plant. Figure 6 
shows a schematic diagram of a district cooling 
building. 

District cooling can be forced by the authority 
having jurisdiction, or can be used due to space 
and cost requirements. Countries like the UAE, 
where the electric consumption is paid based on 
different consumption slabs and where the low 
consumption consumers pay low power tariffs 
and high consumption consumers pay higher 
tariffs as shown in Figure 7, district cooling can 
protect the consumers from entering the red slab 
(high consumption slab) and shift them toward 
the green slab of electrical consumption (low 
consumption slab), which means less money is 

paid for the utility grid, less capital cost, and a 
more reliable AC system. Hence, the building 
electrical load consists of the following: 

(1) Indoor lighting 

(2) HVAC equipment such as pumps and fans 

(3) Receptacle equipment such as TV’s, comput-
ers, kitchen appliances…etc.  

Since electricity needed for cooling the building 
is shifted to the district cooling plant, some HVAC 
equipment are still in the building such as chilled 
water pumps that feed fan coil units and air han-
dling units with chilled water. Ventilation and ex-
haust fans are still utilized in the building to re-
move contaminated air from the building areas, 
kitchens, and toilets and produce fresh air. It is 
predicted that the electrical daily demand will be 
almost constant throughout the year. Figure 8 
shows the electrical demand in a typical day of 
the year. 
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Figure 8: Electrical energy demand for a typical 

day in the year (calculated) 

 

 
Figure 9: A stand-alone system schematic 

diagram (HOMER) 

 

HOMER PV System Design  

As stated earlier, three scenarios are considered, 
the first one where the building is purchasing all 
its electric power from the grid for the next 25 
years (lifetime of PV system), the second sce-
nario is a PV stand-alone system, and the third 
scenario is a grid-connected system with net me-
tering scheme. 

(1) Scenario-1 (No PV system): The building is di-
rectly connected to the grid and purchasing 
electric power at a rate of 0.08 $/kWh for the 
next 25 years.  

(2) Scenario-2 (Stand-alone system): consists of 
PV panels to generate electric power, con-
verter to convert the power from DC to AC 
current, batteries to store excess energy, and 

a generator to meet the building demand in 
case batteries get empty. Figure 9 shows the 
schematic of the system. 

(3) Scenario-3 (Grid connected-net metering): 
consists of PV panels, convertor, and grid con-
nection only. No batteries or generator are re-
quired since there will be no power storage as 
power will be directly fed into the grid as 
shown in Figure 10. 

HOMER PV System Components and Specifi-
cations 

Where used, the components of the PV system 
are as follows. All costs associated with the PV 
system were checked to match the local suppli-
ers in the UAE, 2017.  

(1) PV Panels (Scenario 2 and 3): Polycrystalline 
Silicon solar cells with a lifetime of 25 years 
without tacking system. The slope of the cells 
follow the slope of the building roof at 25°C. 
The derating factor, which accounts for losses 
due to temperature effects, dirt...etc, was 
90%. The ground reflectance, which the frac-
tion of radiation incident on the ground that 
is reflected, was 20%. The capital cost per 1 
kW of solar panels was $800, the replacement 
cost is $750, and the operation and mainte-
nance costs were 40 $/year.  

(2) Convertor (Scenario 2 and 3): the convertor 
can be used to convert DC load to AC (inver-
tor) or the opposite (rectifier) or both. The 
used convertor has a lifetime of 15 years, effi-
ciency of 90%. The capital cost of the conver-
tor as well as the replacement cost is $800 per 
1 kW. The operation and maintenance cost is 
25 $/year. 

(3) Solar radiation (Scenario 2 and 3): the solar 
radiation data was adopted from Abu Dhabi 
national center of Meteorology and Seismol-
ogy (NCMS). Figure 11 shows the global hori-
zontal radiation data for Abu Dhabi.  

(4) Batteries (Scenario-2): Surrette 4KS25P bat-
teries were used. The nominal voltage is 4V 
and the nominal capacity is 1,900 Ah (7.6 
kWh). The lifetime throughput of the batter-
ies is 10,569 kWh. The capital cost per 1 units 
as well as the replacement cost is $800, while 
the operation and maintenance costs 20 
$/year. 
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Figure 10: Grid-connected system schematic 

diagram (HOMER) 

 

 
Figure 11: Global horizontal radiation data 

(NMCS, 2017) 

(5) Generator (Scenario-2): A diesel generator 
with a lifetime of 15,000 operating hours and 
30% minimum load ratio was used. The capi-
tal cost of a 1kW capacity of the generator is 
$1,400 while the replacement cost is $1,250. 
The operation and maintenance costs are 
0.058 $/hour.  

(6) Fuel and electricity prices: the price of diesel 
used in calculation is 1 $/liter which is a little 
higher than the local price in the UAE to ac-
count for fuel transportation and storage 
costs. The price of electricity is 0.08 $/kWh 
(30.5) fils/kWh which is the selling price of 
Abu Dhabi distribution Company (ADDC) for 
an expat residential customer in the upper 
red electric consumption slab (high consump-
tion). 

 

Results  
Once all system components, specifications, con-
strains, costs, grid connection scheme, building 
electric demand, solar radiation, and location 
data, etc., are entered into HOMER software, the 
program runs to find the best alternative sce-
nario based on the initial capital costs, the net 
present costs (NPC), and the levelized cost of 
electricity (LOCE). The program results can be a 
huge number of working scenarios sorted from 
the best at the top to the poorest at the bottom.  

HOMER defines NPC as the life cycle cost of a 
component which includes the present value of 
installing and operating the component minus 
the present values of all its revenues. The soft-
ware also defines LOCE as the average cost of 
useful electrical energy produced by the system 
($/kWh). The results come in a shape of capaci-
ties and costs for each component and the yearly 
carbon emissions of the system throughout its 
lifetime. The results of HOMER simulation can be 
summarized as follows: 

(1) Scenario-1 (No PV system): The building will 
be purchasing electricity from the grid at a 
rate of 0.08 $/kWh for the next 25 years. The 
net present cost of these purchases is $73,906 
with no extra cost for any components pur-
chasing. Figure 12 shows the cash flow sum-
mary for scenario-1. 

(2) Scenario-2 (Stand-alone system): The build-
ing will be generating its own electricity day 
and night, the extra electricity generated dur-
ing the day will be stored in batteries and a 
generator is provided to meet the demand in 
case of batteries loss or an emergency. The 
HOMER best alternative for this arrangement 
is 50 kW PV panels, a 25-kW convertor (inver-
tor/rectifier), a 25-kW generator, and 100 
battery units. The initial cost of the system is 
$176,250, the total net present cost (NPC) is 
319,037, and the levelized cost of electricity 
(LOCE) is 0.345 $/kWh. Figure 13 shows the 
cash flow summary for scenario-2. Yet, this 
system generates 11.3% excess electricity per 
year that cannot be used to drive any demand. 
The total yearly building demand was calcu-
lated using HAP to be 72,269 kWh/year. 
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Figure 12: Cash flow summary of scenario-1 (without PV system) 

 

 
Figure 13: Cash flow summary of scenario-2 (stand-alone system) 
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Figure 14: Cash flow summary of scenario-3 (grid-connected system) 

 

 

The system generates 96,901 kWh/year from 
solar system and 6,940 kWh/year from the 
diesel generator with a renewable fraction of 
93%. Table 1 shows the electrical consump-
tion/generation from the stand-alone PV sys-
tem.  

(3) Scenario-3 (Grid-connected system): The sys-
tem will be generating part of its electric de-
mand during daylight and feed the excess into 
the utility grid, then it will use the grid power 
to drive its night or emergency demand. Since 
the system is free from batteries, generator, 
and diesel fuel, it is expected that all costs will 
be lower than a stand-alone system. The 

HOMER best alternative for this arrangement 
is 25 kW PV panels and a 25-kW convertor 
(invertor/rectifier). The initial cost of the sys-
tem is $41,250, the total net present cost is 
$98,544 and the levelized cost of electricity 
(LOCE) is 0.107 $/kWh. Figure 14 shows the 
cash flow summary for this system. The sys-
tem generates 48,460 kWh/year from PV 
panels and purchase 47,075 kWh/year from 
the grid. On the other hand, the system feed 
the utility grid with 18,421 kWh/year of elec-
tricity. Table 2 shows the electrical consump-
tion/generation from the grid-connected PV 
system.

 

Table 1 

Electrical consumption/generation from the stand-alone PV system (scenario-2) 

Quantity  Unit Value Percentage  
Consumption Building load kWh/year 72,269 100% 

Grid Sales - - 

Total 72,269 100% 

Production  PV arrays  kWh/year 96,921 93% 

Generator 6,940 7% 

Total  103,861 100% 

Excess  12,091 11.6% 
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Table 2 

Electrical consumption/generation from the grid-connected PV system (scenario-3) 

Quantity  Unit Value Percentage  
Consumption Building load kWh/year 72,269 80% 

Grid Sales 18,421 20% 

Total 90,690 100% 

Production  PV arrays  kWh/year 48,460 51% 

Grid Purchases 47,075 49% 

Total  95,536 100% 

Excess 0.719 0% 

 

Table 3 

A comparison between the three studied scenarios 

 Without PV Stand-alone  Grid-connected 
PV cells (kW) - 50 25 

Roof top space (m2) - 500 250 

Convertor (kW) - 25 25 

Batteries (unit) - 100 - 

Generator (kW) - 25 - 

Initial cost ($) 0 176,250 41,250 

NPC ($) 73,906 319,037 98,544 

LOCE ($/kWh) 0.08 0.345 0.107 

Renewable fraction (%) 0 % 93.3 % 50.7 % 

Excess electricity (%) 0 %  11.6 %  0 %  

 

Discussion and Conclusions 
With the results of the three scenarios available, 
the criteria to select the best scenario is rather 
complex since it depends on many factors. The 
total net present cost and levelized cost of elec-
tricity works well in selecting the best alterna-
tive scenario with the same arrangement, for ex-
ample, when comparing two alternatives both 
with stand-alone arrangement. However, if this 
criterion alone was employed for different ar-
rangement alternatives such as this study, then 
the system without PV system will be the best al-
ternative since it is associated with the lowest 
cost and the other two scenarios may not work 
well. 

It is true that renewable energies in general may 
seem unfeasible at this time if compared to tra-
ditional systems due to the slightly higher capital 
and running costs associated with them. Yet, the 
ongoing research and technology advances are 
working well in reducing the costs associated 
with the system equipment and its operational 
costs, and this is clear if the current prices of PV 

systems were compared to the prices five years 
earlier. Moreover, the technologies are also ad-
vancing in the direction of increasing the effi-
ciencies of the equipment as well, which means 
lower capacity PV cells may be required in the fu-
ture to drive the same electric load.  

A factor that is generally overlooked in utilizing 
renewable energies in general, is that it protects 
the consumers from higher electricity prices in 
the future. The shortage of fossil fuels in the fu-
ture will certainly increase the fuel prices 
needed to generate electricity making another 
advantage for renewable systems. Moreover, 
this shortage will influence governments and 
policy makers to promote renewable energies by 
removing many constraints and providing incen-
tives and subsidizes to this sector, adding an-
other extra advantage. 

In terms of environment protection, it is well 
known that renewable energy is clean and has no 
carbon footprint, scoring another advantage 
over traditional systems. Besides, some coun-
tries such as Canada and Germany are utilizing 
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carbon taxes on pollution emitters. This tax, if 
calculated and modeled as a running and opera-
tion cost for the renewable system, may swing 
the balance in favor of renewable energy in 
terms of carbon emissions as well as cost.  

As a result, the comparison between the scenar-
ios will drop scenario-1 (No PV) since it was only 
used for demonstrating the above. Table 3 shows 
a comparison between the three studied scenar-
ios. It is clear that scenario-3 (grid-connected) is 
much better in terms of cost than scenario-2 
(stand-alone). This is due to less PV capacity and 
less components that lower the associated capi-
tal and running costs. It is also clear that sce-
nario-3 is close to scenario-1 in terms of costs 
and LOCE while scenario-2 is far away from both. 
However, scenario-2 (stand-alone system) is 
better in terms of renewable factor, which is de-
fined as the percentage between energy pro-
duced from renewable source to the total energy 

produced but still, this cannot justify adopting it 
as the best scenario.  

Hence, data associated with scenario-3 seems 
promising and attractive in terms of cost and this 
can confirm that its application is justified both 
economically and technically compared to a 
stand-alone system. Moreover, grid-connection 
can benefit both the consumer and the utility. 
The expansion in adopting grid-connection from 
more buildings can increase the dependence of 
utilities on solar systems rather than fossil fuels. 
It can also lower the costs associated with power 
generation covered by utilities, which may result 
in lowering electricity prices. Moreover, grid 
connection may allow utilities to overcome peak 
demands without expanding its production ca-
pacities, not to mention the free carbon footprint 
and less pollutants into the atmosphere. 
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Abstract. Rivers are a vital component of the biosphere with their higher eco-
logical and public significance. However, they are being polluted by indiscrimi-
nate disposal of sewerage, industrial waste, and anthropogenic activities. The 
Assi River, a tributary of river Ganga, Varanasi district, Uttar Pradesh (India) has 
been facing serious degradation due to direct discharge of domestic sewage, 
channel encroachment, and city urbanization. The present work has been car-
ried out to identify the current water quality status of the Assi River. For this 
purpose, six sampling sites have been selected for physico-chemical analysis in 
three consecutive months (i.e. October, November, and December 2017). Seven-
teen physico-chemical parameters-temperature, pH, DO, TDS (mg/l), electrical 
Conductivity (mS/cm), BOD (mg/l), COD (mg/l), chloride (mg/l), hardness 
(mg/l), alkalinity (mg/l), nitrate (mg/l) Na (mg/l), K (mg/l), Ca (mg/l), including 
heavy metals (Cr, Pb, Cd, and As) were analyzed for river water characteristic. 
The result reveals that the Assi River water is highly polluted, especially the pol-
ytechnic sampling site, which shows high deterioration of water quality. Fur-
thermore, it is observed that direct disposal of domestic sewage to the river is 
one of the main causes of high values of BOD, TDS, EC, nitrate, and chloride in 
river water. Water quality index (WQI) of the river has been evaluated, which 
was 80.96, 81.22, and 80.95 in October, November, and December, respectively. 
These values are coming under a marginal category and indicate threatened wa-
ter quality of the Assi River. Therefore, an urgent need of proper preventive 
measures should be taken to stop the deterioration of river water quality.  

*Correspondence:  

 

Keywords. Assi River, water pollution, WQI, physico-chemical parameters, Vara-
nasi 
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Introduction 
Water pollution has been ranked as the second 
most important environmental concern next to 
air pollution (WHO, 1997). It influences all the 
major water bodies of the world such as river, 
lakes, groundwater, and oceans. Such water bod-
ies’ pollution affects the whole ecosystem. Pol-
luted water is not only risky for drinking, but it is 
also incompatible for agricultural and industrial 
uses. The effects of water pollution are damaging 
to human beings, plants, animals, fish, and birds 
(WHO, 1997). That is why water pollution has 

become one of the largest environmental prob-
lems throughout the world. In India, the last dec-
ade’s river pollution and its conservation in India 
has a great concern (Manveena, 2017). Among 
the major sources, industrial effluents and do-
mestic waste account for the high percentage of 
pollutants which contaminate both surface and 
groundwater (Harter, 2003). The intensive use 
of fertilizer in agricultural fields could result in 
the continued rise in the concentration of chem-
ical pollution in the freshwater bodies due to the 

Binder1.pdf   250 2/25/2018   1:47:55 PM



International Journal of Environment and Sustainability, 2018, 7(2): 114-121 115 

 

 Science Target Inc. www.sciencetarget.com 

water run-off. Also, fecal pollution of drinking 
water causes waterborne disease, which has led 
to the death of millions of people (Adefemi and 
Awokunmi, 2010). Quality of water is signified 
by the complex of variables such as pH, oxygen 
concentration, temperature, etc. Any changes in 
these physical and chemical variables can inter-
rupt the aquatic ecosystem. Physico-chemical 
properties of water in any aquatic ecosystem are 
largely directed by the existing meteorological 
conditions and geographical areas which are es-
sential for determining the structural and func-
tional status of natural water. (Chitmanat and 
Traichaiyaporn, 2018). Anthropogenic activities, 
as well as natural processes, deteriorate the sur-
face waters and damage their use for drinking, 
industry, agriculture, and other purposes (Cha-
turvedi and Bassin, 2010). 

The WQI has been evaluated as one standard for 
surface water classifications, which is based on 
the use of standard parameters for knowing the 
water quality status of the fresh water system. It 
gives a complete description of the quality of wa-
ter for most domestic uses. WQI is a mathemati-
cal tool used to convert large quantities of water 
quality data into a single number, which signifies 
the water quality status (Şener et al., 2017). 

 

Background and Literature Review 
Looking at the importance of understanding 
physico-chemical characteristic of the Assi River 
for supporting various lives, a study was in-
tended to find out physico-chemical characteris-
tic of the river in its catchment area. The domes-
tic wastewater of the city directly drains into the 
Assi River through various small drains, which is 
why the aquaculture activity is affected, such as 
decreases in fish productivity, change in species 
composition of aquatic fauna, eutrophication, 
and overall loss of biodiversity that has resulted 
in the degradation of the river ecosystem. The 
main sources of pollution of the Assi River at Va-
ranasi are industrial effluents, domestic sewage, 
and disposal of dead bodies. Establishment of a 
large number of hospitals, industries, textile 
mills, chemical plants, and distilleries on the 
bank of the river has led to increasing the pollu-
tion level of the Assi River. Most of the city waste 
and industrial waste is dumped into the river 

without thinking twice about the consequences 
it will have on aquatic life as well as human 
health. Other factors such as lack of sewerage 
and toilets at the residence, poor sanitation, low 
income, and low education levels also showed 
significant associations with river pollution and 
cause various waterborne diseases (Hamner et 
al. 2006). Unscientific and uncontrolled disposal 
of domestic wastewater poses a serious threat to 
the water quality of this river. 

The aim of this paper is (i) to analyze physico-
chemical characteristic of the Assi River and (ii) 
to evaluate the water quality index (WQI) for es-
timating the status of water quality of the Assi 
River of Varanasi city, India. 

Study Area 

Varanasi, India’s most sacred city, is situated on 
the west bank of Ganga. Varanasi is located at 
25°19’60’’N and 83°0’0’’E and 80.7 m above sea 
level. Varanasi city has an area of 79.79 sq. km. 
Varanasi has a population of 1,716,100 as per the 
2011 census. 

The city experiences extremes of both winter 
and summer during the year. The minimum and 
maximum temperature observed is 1.7°C and 
47.2°C respectively. The average rainfall of the 
areas is 1,113 mm. Most of the annual rainfall oc-
curs during the monsoon months of July to Sep-
tember. The River Assi originates from Kandwa 
Pokhra and ends by merging with river Ganga at 
Ravidas Park. Presently, human populations re-
siding along the river are liable to encroachment 
and the unhygienic environment that leads to 
shrinking in the width of the river and causes the 
potential threat to the Assi River. It is a well-
known fact that cities do not have facilities for 
treatment and disposal of sewage at large scale. 
Due to lack of a sewerage system, domestic 
wastewater is directly discharged into the adja-
cent river flow. This situation results in river pol-
lution. 

 

Materials and Methods 
River water samples were collected in properly 
washed and clean plastic bottles from six sam-
pling locations during three consecutive months, 
i.e. October, November, and December of 2017 as 

Binder1.pdf   251 2/25/2018   1:47:55 PM



116 © Akhtar, Mishra, Tiwary, Ohri, and Agnihotri 2018 | Assessment of Water Quality of River Assi 

 

Science Target Inc. www.sciencetarget.com 

shown in Figure 1. The sample containers were 
properly labelled and immediately transferred 
to the environmental engineering laboratory of 
the department of civil engineering IIT (BHU) 
and were stored at 4°C in the refrigerator. 

All the water samples were analyzed for im-
portant physico-chemical parameters according 
to internationally recognized procedures and 
standard methods (APHA et al., 1999). Tempera-
ture, pH, electrical conductivity, total dissolved 
solids (TDS), and dissolved oxygen (DO) of the 
river water samples were determined by a multi-
parameter detector instrument at the sampling 
location. Alkalinity, hardness, and chloride con-
tent in samples were determined by titrimetric 
analysis in the laboratory. Heavy metals (Cd, Cr, 
and Pb) content were determined by flame AAS 
4141 instrument (Electronic Corporation of In-
dia, Ltd). Estimation of heavy metals for the 
leachate sample was done by digesting a 50 ml 
sample in 10 ml of conc. HNO3 at 80°C until the 
solution became transparent (APHA, 2012). Na, 

K, and Ca were determined by Flame Photome-
ter. Nitrate was determined by the colorimetric 
method with the help of spectrophotometer. 

Calculation of Water Quality Index 

Conventional reputed water index methodology 
is used to calculate the WQI given by Ramesh et 
al. (2010). The WQI value was calculated in two 
steps. The analytical result of selected water 
quality parameter was transformed into a unit 
less sub-index value (SIi). These sub-indices 
were then aggregated to produce a water quality 
index value. Sub-indices are the value function to 
convert different unit and dimension of water 
quality parameters to a common scale. Firstly, a 
weight (Wi) was assigned to each parameter on 
the basis of their significance to the complete 
groundwater quality. The weight factor (W) of 
the parameter is determined by dividing the in-
dividual weight of each parameter by the sum of 
all parameter weight.  

Wi = /      [1] 

 

 
Figure 1: Location of sampling sites 
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The highest weight was given to the parameter 
that causes a serious health effect when its value 
increases above the certain critical concentra-
tion limits (Varol and Davraz, 2015). In Table 1, 
W represents the relative weight while Wi de-
notes the weight of each parameter. N is the total 
number of the parameter. 

 

Table 1 

Classification of Drinking Water Quality Index 
score (Ramesh et al., 2010). 

Category  Range of WQI 
Score 

Remarks 

Excellent ≥ 97.5 to 100 Best Quality 
Good ≥92.5 to <97.5 Good Quality 
Fair ≥85.0 to <92.5 Acceptable Quality 
Marginal ≥75.0 to <85.0 Threatened Quality 
Poor ≥60.0 to <75.0 Poor Quality 
Very Poor <60.0 Worst Quality 

 

Finally, in the third step, the weighted additive 
arithmetic drinking water quality index (WQI) 
was calculated by the following formula:  

WQI = x     [2] 

where SIi is sub-index value of ith parameter, 
sub-index value is developed by assigning each 
parameter by giving a rating value between 0–
100 based on its desirable and acceptable limits 
prescribed by BIS (2012).  

A one hundred sub-index rating was given to the 
sample that was within the desirable limit, while 
the 50 sub-index rating was given to the sample 
that had the maximum acceptable limit. The 
other ratings came under 0–100, based on the re-
gression statistics. Finally, the SIi of each param-
eter were calculated by sub-index curve devel-
oped by Ramesh et al. (2010).  

 

Results and Discussions  
Physicochemical Characteristic of River Wa-
ter Quality 

The results of physico-chemical characteristic of 
river water quality are shown in Table 2, 3, and 
4 for October, November, and December, respec-
tively. 

 

Table 2 

Results of Physico-chemical parameter of Assi River water sample of October. 

 Sampling location  
Parameters Kandwa  Mahila 

polytechnic 
Sunderpur Shukulpura Durgakund Ravidas 

Gate 
Water quality 
Standards (BIS) 

Temperature 29 26 25 25 26 27  
pH 8.27 6.74 6.72 6.9 6.84 6.84 6.5-8.5 
DO  7.6 2.3 1.5 2.5 1.7 4.9 - 
TDS  293 709 605 701 680 638 2000 
EC  0.432 1.062 0.898 1.031 1 0.94 - 
BOD  48 172 190 160 180 65 30 
COD  305 616 298 234 320 265 250 
Chloride  95.85 188.15 106.5 133 110.05 156.2 1000 
Hardness  166.66 250 353.33 290 313.33 283.33 600 
Alkalinity  183.33 383.33 416.66 423 333.33 316.66 600 
Nitrate  11 18 10.3 13 20.1 25 100 
Na  110 153 166 180 210 204 - 
K  72.2 126 199 125 127 118 - 
Ca  56 67 46 151 115 87 200 
Cd ND ND ND ND ND ND 0.1 
Cr ND ND ND ND ND ND 0.05 
Pb ND ND ND ND ND ND 0.05 

All values are in mg/l except pH EC (ms/cm) & temperature (°C) ND- Not Detectable 
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Table 3 

Results of Physico-chemical parameter of Assi River water sample of November. 

26/11/2016 Sampling location  
Parameters Kandwa Mahila 

Polytechnic 
Sunderpur Shukulpura Durgakund Ravidas 

Gate 
Water quality 
Standards (BIS) 

Temperature 22.3 22.4 22.3 22.1 22.2 22.3  
pH 8.4 6.9 6.9 6.8 6.7 7.0 6.5-8.5 
DO 5.6 3.4 1.8 2 1.4 1.1 - 
TDS 302 752 606 669 690 676 2000 
EC 0.459 1.172 0.908 1.009 1.04 1.021 - 
BOD  67 109 134 185 205 214 30 
COD  319 628.5 242.8 357.1 257.1 214.2 250 
Chloride  88.75 159.75 138.45 159.75 220.1 177.5 1000 
Hardness  110 224 220 270 230 250 600 
Alkalinity 175 500 400 420 475 400 600 
Nitrate  13.5 17.5 8.8 9.2 17 16.5 100 
Na  71.5 131 82.9 109 128 128 - 
K  60 110 103 100 102 95 - 
Ca  41.1 86.1 59.9 72.4 113 79.8 200 
Cd ND ND ND ND ND ND 0.1 
Cr ND ND ND ND ND ND 0.05 
Pb ND ND ND ND ND ND 0.05 

All values are in mg/l except pH, EC (ms/cm) & temperature (°C) ND- Not Detectable 
 

Table 4 

Results of Physico-chemical parameter of Assi River water sample of December. 

26/12/16 Sampling location  
Parameters Kandwa 

Pokhra 
Mahila 
Polytechnic 

Sunderpur Shukulpura Durgakund Ravidas 
Gate 

Water quality 
Standards (BIS) 

Temperature 20.1 21.1 20.5 20.9 21 21.3  
pH 8.74 6.34 6.82 6.91 6.45 6.6 6.5-8.5 
DO  6.9 3.5 1.9 2.5 1.5 1.9 - 
TDS  356 803 690 705 720 700 2000 
EC 0.534 1.2045 1.035 1.0575 1.08 1.05 - 
BOD  80 110 190 176 206 185 30 
COD  350 625 259 376 270 231 250 
Chloride  78 167 187 193 195 187 1000 
Hardness  180 256 345 289 256 276 600 
Alkalinity  190 567 456 478 502 476 600 
Nitrate  15.1 20 10 9.5 18 19 100 
Na  84 142 90.2 123 134 143 - 
K  76 123 128 95 92 104 - 
Ca  45 76 55 80 104 76 200 
Cd ND ND ND ND ND ND 0.1 
Cr ND ND ND ND ND ND 0.05 
Pb ND ND ND ND ND ND 0.05 

All values are in mg/l except pH, EC (ms/cm) & temperature (°C) ND- Not Detectable 
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The temperature was varied from 25°C to 29°C, 
22.1°C to 22.4°C, and 20.1°C to 21.3°C in October, 
November, and December, respectively. Kandwa 
River sample shows the basic nature as at this lo-
cation, the pH value was varied from 8.2 to 8.7 in 
all three months. pH increased mainly in Novem-
ber in most of the sampling sites. While in other 
sampling locations, its value was varied from 6.3 
to 7.0. DO shows much variability in all their 
sampling locations, which was found minimum 
at Sundarpur (1.2 mg/l), Ravidas Gate (1.1 mg/l), 
and Durgakund (1.5 mg/l) in October, November 
and December, respectively. Maximum TDS was 
observed at Sukulpura (701 mg/l), Mahila Poly-
technic (752 mg/l), and Durgakund (720 mg/l) 
in October, November and December, respec-
tively. COD was varied from minimum 214 
(mg/l) to maximum 625 (mg/l) at Ravidas Gate 
and Sukulpura, respectively. 

Chloride was varied from 72mg/l (Kandwa) to 
195 mg/l (Durgakund). Hardness was found be-
tween a minimum 110 mg/ml to a maximum 353 
mg/l. Alkalinity ranged from 175 mg/l to 567 
mg/l. Nitrate concentration was observed below 
the Indian water quality standard value (100 
mg/l) in all samples. Which was varied from 8.8 
mg/l to 25 mg/l. Na, K. and Ca were observed 

within the range of Indian standard of water 
quality as shown in Tables 2, 3, and 4. In the case 
of heavy metals, Cd, Cr, and Pb were not detected 
in any river water samples.  

Assessment of Ground Water Quality us-
ing WQI 

The results of all 14 river water samples were 
used for WQI evaluation. Furthermore, the 
World Health standards (WHO, 2008) and Bu-
reau of Indian Standards (BIS, 2012) were 
utilized for WQI calculations as shown in Table 5. 

The WQI of river water was calculated for all the 
samples in October, November, and December as 
given in Table 6. 

The calculated WQI values range between 80.57 
to 82.27, 80.84 to 82.28, and 80.33 to 82.31 in 
October, November, and December, respectively. 
The result shows that there is no significant 
change in river water quality monthly. It may be 
because the sampling of river water was done in 
the same monsoon, i.e. post monsoon. Evaluation 
of the WQI revealed that all of the river water 
samples came under marginal water types in all 
sampling months. This indicated a threatened 
water quality of the Assi River. 

 

Table 5 

Relative weight of water quality parameter. 

Water quality parameters WHO Standards 
(2011) (mg/l) 

BIS Standard 
(2012) (mg/l) 

Weight (w) Relative Weight 
(Wi= wi/∑wi ) 

pH 6.5–8.5 7.5 0.0289 0.069 
EC - 1.5 0.0287 0.057 
Hardness - 200 0.026 0.063 
TDS 2000 500 0.0036 0.003 
BOD 

 
30 0.366 0.302 

DO 
  

0.366 0.302 
Total alkalinity - 200 0.026 0.063 
Chloride 250 250 0.0289 0.07 
Na 200 200 0.0289 0.07 
Ca 300 75 0.026 0.063 
Nitrate 45 45 0.0578 0.07 
Cd 0.003 0.3 0.0751 0.062 
Cr 0.05 0.05 0.0751 0.182 
Pb 0.01 

 
0.0751 0.062    
∑wi=1.21 ∑ Wi=1 

All values are in mg/l except pH. 
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Table 6 

Types of river water in October, November, and December. 

 October November  December  
Samples 
locations 

WQI= 
x  

Water type WQI = 
x  

Water type WQI = 
x  

Water type 

Kandwa 82.27 Marginal 82.28 Marginal 82.31 Marginal 
Mahila 80.54 Marginal 80.88 Marginal 80.33 Marginal 
Sunderpur 80.79 Marginal 81.02 Marginal 80.80 Marginal 
Sukulpura 80.81 Marginal 81.24 Marginal 80.85 Marginal 
Durgakund 80.57 Marginal 80.84 Marginal 80.59 Marginal 
Ravidas 80.77 Marginal 81.06 Marginal 80.85 Marginal 
Average  80.96 Marginal 81.22 Marginal 80.95 Marginal 

Conclusions 
The physico-chemical analysis of river water at 
six sampling locations within three consecutive 
months revealed that the river is polluted, espe-
cially the Polytechnic sampling location, which 
showed so much deterioration of the river water. 
Direct disposal of domestic sewage to the river at 
all sampling locations is one of the main causes 
of high values of BOD, COD, TDS, EC, Nitrate, and 
Chloride. BOD, COD, TDS, EC, Chloride, Na, K, and 
alkalinity values were observed as high in Octo-
ber, while in November and December, these val-
ues decreased gradually. Evaluation of WQI re-
vealed a threatened water quality of the Assi 
River. There is an urgent need to take some ap-
propriate preventive measures to stop further 
deterioration of the Assi River water quality. 

Central and state boards should take the initia-
tives to spread awareness. One of the effective 
measures to manage this river is to apply in-situ 
bioremediation or in-situ sewage treatment 
technology.  
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