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Abstract: This article quantifies the environmental, health, and economic co-benefits from the use
of solar electricity and heat generation in the Ger area (a sub-district of traditional residences and
private houses) in Ulaanbaatar (UB), Mongolia. The quantification of the featured co-benefits is based
on calculating emissions reductions from the installation of the solar photovoltaic (PV) and solar
water heaters. A user-friendly spreadsheet tool is developed to shed much-needed light on the steps
involved in estimating these co-benefits. The tool simulates the hourly electricity and thermal energy
generation, taking into account local meteorological conditions, local geographical data, and technical
specifications of the solar power and heat generation systems. The tool is then employed to evaluate
two intervention scenarios: (1) Installing 100 MW solar electricity, including both rooftop PV and
community grids, to reduce the peak-load burden on the grid; (2) Providing solar thermal heaters for
20,000 households to replace the heating load demand from the existing heat only boilers (HOBs)
in UB. The modelling results reveal a significant reduction in GHG emissions and fine particulate
matter (PM2.5) (PM that is 2.5 microns or less in diameter) by 311,000 tons and 767 tons, respectively,
as well as nearly 6500 disability-adjusted life years (DALYs) and an annual saving of USD 7.7 million
for the local economy. The article concludes that the mainstreaming spreadsheet-based estimation
tools like the one used in this article into decision-making processes can fill important research gaps
(e.g., usability of assessment tools) and help translate co-benefits analyses into action in Mongolia
and beyond.

Keywords: co-benefits; climate change; solar energy; health impact assessment

1. Introduction
1.1. Background

During the winter, Ulaanbaatar (UB), Mongolia, consistently ranks among the cities
with the world’s most polluted air [1]. Despite modest improvements in air quality lately,
continual inward migration to UB and a subsequent rise in energy use could lead to a
resurgence in dangerous pollution levels [2]. UB’s air pollution problems are partially
attributable to a heavy reliance on coal, wood, and dangerous non-conventional fuels
(including household waste) for heat in UB’s low-income Ger districts (a sub-district
of traditional residence houses and private houses) [3]. The Ger residents use various
traditional stoves and low-efficiency cast iron HOBs. For example, many HOBs retain
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heat for only three hours after firing and emit up to 20 times the pollution levels of an
efficient stove [4]. Furthermore, UB receives power from five coal-fired power plants with
a low thermal efficiency of 35% that can lead to a net increase in both air pollution and
CO2 emissions. Although most of the houses in Ger districts are connected to the grid,
transmission restrictions cause load shedding during peak load periods and temporary
blackouts to cope with excess demand. This is especially true during the winter, where the
additional load from space heating (4 kW per each household) adds a significant burden to
the grid. Figure 1 shows monthly electricity consumption in UB.
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To achieve both climate mitigation and energy security goals in UB, utilizing more
renewable energy sources, especially solar energy, is a pressing need. While coal has
dominated Mongolia’s current economy and energy generation, the use of solar energy
is rising. This increase is promising because Mongolia has 300 sunny days per year and
annual solar radiation of 1700 kW/m2 (See Figure 2). Some suggest that UB could generate
150 GW of solar electricity, approximately 15% of the total electricity demand in this city
from solar.
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Recent policy statements suggest that Mongolia is willing to depend more heavily
on solar power. Mongolia joined the Paris Agreement in 2016 and pledged to increase
the country’s energy from renewable sources to 20 percent by 2020 and 30 percent by
2030 [7]. To achieve this goal, the government has approved construction licenses for
247 MW of solar energy. In addition, in 2017, the Green Climate Fund (GCF) approved a
project to develop a 10 MW solar photovoltaic (PV) farm in the Sumber Soum district of
Mongolia [8]. The project is expected to create 15,395 megawatt-hours (MWh) of power
per year, reducing 12,270 tons of tCO2eq in yearly greenhouse gas (GHG) emissions, while
delivering environmental and social co-benefits. The solar farm has increased private sector
involvement, making future renewable energy projects easier to finance with domestic
private resources [9]. In addition, Sermsang Power Corporation Public Company Limited
(SSP) and Tenuun Gerel Construction LLC (TGC) signed an $18.7 million loan with the
Asian Development Bank (ADB) and Leading Asia’s Private Infrastructure Fund (LEAP)
to develop and operate a solar power plant (15 MW), feeding electricity to Mongolia’s
central grid system. The solar power plant, located in Tuv aimag (province) Sergelen soum
in the Khushig valley (county), is supposed to provide 22.3 gigawatt-hours annually in
Mongolia and lower CO2 emissions by 26,400 tons per year. This will help the government
in increasing renewable energy’s proportion of total installed capacity from 12% in 2017 to
20% by 2023 and 30% by 2030 [10].

Although Mongolia has pledged to rely more heavily on renewable sources, high-
interest rates and unreasonably short tenures have limited renewable energy investment.
In addition, though there have been some strides in policy, stronger regulatory signals
could attract more investment. However, for many investors and policymakers, the costs of
renewable energy are not as great as the benefits. This perceived lack of benefits is partially
attributable to the fact that the climate benefits of renewables are long-term, global, and
uncertain. They would, therefore, not necessarily accrue to Mongolia. It is also partially
attributable to the fact that the health and local economic benefits of renewable energy
investment are not explicitly considered in investment and policy decisions. A critical step
in accounting for these additional benefits or “co-benefits” is quantifying their magnitude.

The interest in quantifying co-benefits started when the term itself was coined in the
early-1990s [11]. At that point, co-benefits were often viewed as the additional development
benefits of climate actions. This framing was used to convince policymakers in developed
countries to invest in GHG mitigation since it could improve air quality, health, and address
other development needs [12,13]. Co-benefits have since found their way into discussion in
developing countries—with more emphasis on achieving sustainable development that could
also have co-benefits for climate change [14–16]. As views on co-benefits evolved, some
have suggested the term refers to all “benefits of policies that are implemented for various reasons
at the same time, including climate change mitigation, acknowledging that most policies designed to
address GHG mitigation also have other, often at least equally important, rationales” [17].

The consideration of a full range of climate and sustainable development co-benefits
continued to gain momentum with the approval of the Agenda 2030 for Sustainable
Development (and its 17 Sustainable Development Goals (SDGs)) and the Paris Agreement
in 2015 [18]. Both agreements underlined the importance of the integration between
sustainable development and climate change. Co-benefits also gained support as high-level
reports and well-cited articles demonstrated the usefulness of accounting for co-benefits in
a wider range of mix of policies and actions [19–23]. Based on these advances, development
banks such as the ADB have begun to assess a suite of co-benefits in carbon finance funds,
including new jobs, improved education facilities for children, gender equity, improved
energy efficiency, and access to health services. Meanwhile, the GCF (2022) [24] has
underlined that recognizing co-benefits is important to ensure that funded activities adhere
to sustainable development criteria.

Cutting across different views and application of co-benefits is an emphasis on estima-
tion and quantification. The steady interest in quantification reflects the long-held belief
that what gets measured gets counted in investment and policy decisions. Many studies
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have since estimated the climate and other co-benefits of solar energy in different regions
and contexts [25,26]. For example, Lama et al. estimated the job opportunities, the contribu-
tion of local entities, and the transfer of knowledge and skills with financial support from
Chinese enterprises for solar energy in Sub-Saharan Africa [27]. García-Valladares and
Ituna-Yudonago assessed the carbon footprint and economic co-benefits from solar energy
for water heating systems in residential buildings in Mexico, Costa Rica, and the Demo-
cratic Republic of the Congo (DRC) [28]. Ren et al. looked at using the hybrid PV-battery
system in residential units, showing that the households would effectively contribute to the
self-consumption of on-site electricity generation or improve grid load control by providing
additional grid electrical peak demand while improving the air quality, energy security,
and load reduction [29]. In yet another study, Kim et al. revealed a significant reduction in
energy consumption from using a hybrid renewable energy system (HRES) over existing
gas-fired boilers or centralized heat pumps for a net-zero community in Jincheon, South
Korea [30].

In recent years, the tools and types of co-benefits assessed in relevant research have
grown increasingly diverse. For example, recent work has looked at the human well-
being co-benefits from the implementation of the solar electrification projects for three
electrification projects (grid extension, centralized hybrid, and solar home systems) in
four remote communities in Malaysia, Cambodia, and Myanmar [31]. Taking a slightly
different approach to co-benefits analysis, Lo et al. used Heilmann’s experimentation
under a top-down hierarchy framework to identify synergies between solar energy and
sustainable development, concluding that a qualitative assessment of the characteristics of
co-benefits of solar energy policies could help local governments leverage solar energy for
sustainable development in China [32]. In a study that further demonstrates the expanding
scope of inquiry, Nutu et al. quantified the co-benefits of solar mini-grids to rural Ghanaian
islands, including mediated impacts of heatwaves through the use of fans, reduced harmful
gases from excessive burning of wood, and reduced social vices at night found that full
recognition of an array of co-benefits of solar mini-grids offer more to sub-Saharan African
rural populations than meeting development objectives alone [33].

1.2. Research Gaps and Originality Highlights

From the above discussion, it is clear that recognizing and quantifying co-benefits
can spark interest in deploying solar energy projects. It is, nonetheless, less apparent
how easily the tools and techniques used to quantify these benefits could be incorporated
into decision-making processes and thereby achieve action on the ground. Part of the
reason that research on co-benefits might have limited impacts on policy and action is that
quantifying a full range of benefits is challenging. Those challenges, in turn, have led to the
following gaps.

1. Existing co-benefits studies on a shift to a low-emission path through renewable
energy mainly focus on costs. While costs are important, a failure to recognize benefits,
particularly benefits that outweigh the costs (e.g., public health), can lead to flawed
policy and project recommendations. Solar energy, especially in coal-dependent
countries such as Mongolia, can bring multiple benefits such as improving local air
quality, enhancing the local economy, and boosting energy security that can alter the
decision-making calculus.

2. Although previous studies have highlighted some kinds of co-benefits, much of the
research relies on tools and techniques that can be a black box for decision-makers.
This is partially due to the inherent complexity of the modelling techniques. It is,
however, also a function of a failure to develop tools that can be grasped with relative
ease by decision-makers and their staff.

To fill the above research gaps, this study aims to place the emphasis on benefit esti-
mation and open up the black box in ways that can shed light on how multiple co-benefits
(such as improved air quality, health, and local economy) can be estimated. Especially, to
fill the later gap, the study seeks to make co-benefits methods accessible with an easy-to-use
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spreadsheet-based simulation tool. The tool is employed to estimate the environmental,
health, and economic co-benefits of using solar electricity and heat generation in the Ger
area in UB, Mongolia. The assessment is based on calculating avoided emissions from
a suggested project by the Financial UNEP Initiative to the local government, covering
100 MW solar electricity, including rooftop PV and community grids, and replacing heating
load demand from existing HOBs for 20,000 households [5]. It is assumed that the amount
of the generated power and heat from this project can meet the demand load requirement
of the targeted society in this area. Toward this end, the spreadsheet tool simulates the
hourly electricity and thermal energy generation from both solar panels and water heaters.
The results are further processed to estimate the prevented disability-adjusted life years
(DALYs) from the avoided emissions and associated economic benefits. The tool makes it
possible to generate results that can inform policy.

The remainder of this paper is organized as follows: the analytical methods are
explained in Section 2. Section 3 covers the scenarios definitions, and Section 4 includes the
results and discussion that follow from the conclusion.

2. Modeling Framework Development

To evaluate the potential of solar power and heat generation in UB and estimate
the associated co-benefits from the utilization of solar energy in UB, the following steps
were taken:

2.1. Environmental Benefits Assessment

Figure 3 shows the calculation process for estimating the avoided emissions, including
GHGs and other pollutants.
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The potential of the avoided emissions after the utilization of solar energy can be
estimated as follows:

ER = ESE·EFE, coal + ESH ·EFH, coal (1)

ESE = ∑
t

PPV,t·APv (2)

ESEH = ∑
t

QH,t·N (3)
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For the precise estimation of the hourly power (PPV) and heat generation (QH), it
is necessary to calculate the exact amount of solar radiation incident received by a tiled
surface in a specific locale such as UB. The solar incident on the tiled surface of a solar
panel or collector in the local area should be estimated by calculating its three main types of
radiations, including beam, diffuse, and reflected from the ground. The detailed formulas
used to calculate solar hourly power and heat in this study is represented in Table 1. GT and
TC are unknown parameters that need to be calculated further; the remaining parameters
are manufactured data based on different PV arrays. After obtaining the GT , the solar
radiation incident on the titled surface, the thermal heat generated by the solar collector
can be calculated.

Table 1. Detailed calculation steps of solar power and heat generation [34–36].

Solar Power Generation

PPV = YPV · fPV ·
(

GT
GT,STC

)
·
[
1 + αp(TC − TC,STC)

]
TC =

Ta + (TC,NOCT−Ta,NOCT)·
(

GT
GT,NOCT

)
·
(

1−
ηmp,STC ·(1−αp ·TC,STC)

τα

)
1+(TC,NOCT−Ta,NOCT)·

(
GT

GT,NOCT

)
·
( αp ·ηmp,STC

τα

)
GT =

(
Gb + Gd·Ai

)
·Rb + Gd·(1 − Ai)

(
1+cos β

2

)[
1 + f sin3

(
β
2

)]
+ G·ρg·

(
1−cos β

2

)
Ai =

Gb
G0

G0 = 12
π Gon·

[
cos φ cos δ(sin ω2 − sin ω1) +

π(ω2−ω1)
180◦ sin φ sin δ

]
Gon = Gsc·

(
1 + 0.033· cos 360n

365

)
Rb = cos θ

cos θz

f =
√

Gb
G

G = Gb + Gd

δ = 23.45◦· sin
(

360◦· 284+n
365

)
ω = (ts − 12 h)·15◦/h
ts = tc +

λ
15◦/h − ZC + E

E = 3.82(0.000075 + 0.001868· cos B − 0.032077· sin B − 0.014615· cos 2B − 0.04089· sin 2B)
B = 360◦· (n−1)

365
cos θ = sin δ· sin φ· cos β − sin δ· cos φ· sin β· cos γ + cos δ· cos φ· cos β· cos ω + cos δ· sin φ· sin β· cos γ· cos ω

+ cos δ· sin β· sin γ· sin ω

Solar heat generation
QH = GT ·δ f n
mw·Cp,w·(Te − Ti) = Ac·QH

Figure 4 shows the calculation flow used in solar power estimation.

2.2. Public Health Benefits Assessment

Deaths, years of life lost (YLLs), years lived with disability (YLDs), and death average
life years (DALYs) are all metrics used to evaluate the health burden of pollution. Deaths
and YLLs are mortality metrics, while YLDs are used to assess morbidity, and DALYs are
used to calculate overall mortality and morbidity. In this study, DALYs were selected as a
metric to illustrate the mortality from different diseases. The effect estimates for DALYS
were measured as the percent change in the health outcome per every unit change in the
particulate matter (PM) concentrations. Despite the lack of data, the findings suggest that
PM released at UB has substantial negative consequences on public health. Table 2 shows
the most significant diseases in UB in terms of lost life years, based on data from the Global
Burden of Disease Website. It is worth noting the magnitude of the impacts of Ischemic
Heart Disease (IHD), Acute Lower Respiratory Infections (LRI), and stroke: these three
endpoints account for approximately a third of all lost life years.
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Table 2. Total DALYs of the most critical diseases in UB, Mongolia [37].

DALYs

Chronic Obstructive Pulmonary Disease (COPD) 383
Ischemic Heart Disease (IHD) 5448
Cerebrovascular Disease (Stroke) 4207
Lung Cancer (LC) 510
Acute Lower Respiratory Infections (ALRI) 3285
Tuberculosis and Bronchus (TB) 1421

The morbidity and mortality are calculated as a function of relative risk. The popu-
lation attributable risk fraction (PAF) for each disease is calculated using relative risk. In
this case, PAF stands for the proportion of background disease caused by PM2.5 exposures,
which is defined as [38]:

PAFD,p =
RRD,p − 1

RRD,p
(4)

The relative risk of the disease in question at the exposure level of interest is denoted
by the RR. The DALYs attributed to the particular pollutant in a given year is calculated by
multiplying each disease-specific PAF by the disease’s DALYs. The following equation can
calculate the DALYs attributable to the selected disease (D) in the exposure group (p) in
each scenario [39]:

DALYsD,p[
y
y
] = DALYsD[

y
y
]× PAFD,p (5)

The DALYs averted from the intervention scenario can be estimated using the follow-
ing formula:

ADALYsD,p,

[
y
y

]
= DALYsD,p,B − DALYsD,p,I (6)

where, ADALYsD,p represents the averted DALYs from the intervention scenario.
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In this study, PM is considered the main air pollutant that is contributing to the
burden of diseases in UB. Dose-response curves for mortality risk of PM2.5 are derived
from integrated exposure-response data provided by the Global Burden of Disease [37].
Linear regression was used to adapt a functional form of the collected data based on the
concentration of PM2.5 (µg/m3), as expressed by:

RR = α + β(PM2.5) (7)

The estimated values of α and β, using upper and lower uncertainty bounds at 95% con-
fidence level, are given in Table 3.

Table 3. Estimated RR linear equation (95% CI) (Estimated by the authors).

α β R2

IHD
Low 0.0025 1.0767 0.884
UP 0.0108 1.1095 0.9141

Stroke
Low 0.0019 1.0541 0.983
Up 0.0104 1.0489 0.8886

COPD
Low 0.0016 1.0084 0.9999
Up 0.0055 1.0691 0.9837

LC
Low 0.0018 0.9849 1.000
Up 0.0075 1.0746 0.9962

ALRI (Ave.) 0.0108 0.9249 0.9957
TB (Ave.) 0.0225 0.8426 0.9922

2.3. Economic Benefits Assessment

The economic burden of disease has been assessed using through the different ap-
proaches, such as willingness to pay and the cost of illness [38]. In this study, the term
“economic benefits” refers to the average GDP level that an individual in optimal health
may achieve in a given year in a given country. Therefore, the monetized benefits of averted
DALYs can be calculated using the following formula [39]:

ExtraGDPD,p[
$
y
]= GDP[$/y]× ADALYsD,p

[
y
y

]
(8)

Since 1960, classical economists have debated the relationship between economic
growth and unemployment. This relationship can be analyzed by using Okun’s law [40].
Okun’s law is a statistical relationship that draws upon regression to estimate the relation-
ship between unemployment and economic growth. Depending on how fast the economy
grew, the regression coefficients used to solve unemployment change may differ [41]. In
this study, Okun’s law was employed to evaluate the statistical relationship between the un-
employment rate and the financial benefit from the DALYs averted, which can be expressed
as follows:

∆uc,n[%] =
β × SavingD,p/Pop

GDP
× 100 (9)

β is the Okun’s law coefficient estimated at 0.3705, using the historical data on the
unemployment rate, GDP, and population in Mongolia, collected over the last 30 years.
It is noted that the major reduction in the unemployment rate driven by the economic
growth (GDP) is a result of ongoing increases in the size of the labor force and the level of
productivity caused by the averted DALYs.

The overall calculation flow in this estimation is shown in Figure 5. As shown in this
figure, the avoided PM concentration calculated in the environmental benefits assessment
section is directly used to estimate the avoided health risk from the PM exposure, which
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is further used to quantify the averted DALYs. In addition, the macroeconomic and
demographic data such as the per capita GDP, and population are used to estimate the
change in the unemployment rate after implementing the solar project in UB.
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The utilization of solar electricity and heat can also bolster both regional and national
energy security in Mongolia. Saving in burning coal can reduce reliance on coal imports in
the near future. To quantify the amount of burning coal, the following formula can be used:

FS[t/h] =
ESE + ESH

LHV
(10)

The above formulas were then entered into the spreadsheet model to make it easy for
users to quantify the multiple benefits (energy savings, environmental, local economy, and
health) of implementing the solar energy (power and heat) project in UB. The main inputs
include technical specifications of the solar panels, meteorological data, local geographical
data, and emission factors. The tool also consists of an intuitive dashboard that allows
for choosing two types (single and monocrystal) of solar panels and two types (flat plates
and evacuated) of solar water heater collectors to estimate the hourly power and heat
generation for an intervention scenario. The co-benefit assessment part of the tool provides
an environmental–health–economic benefit based on the total amount of electricity and
thermal energy generated from the proposed scenario, depicted in Figure 6.
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3. Scenario Definition and Input Data

To evaluate the co-benefits from both solar power and heat in UB, the following
intervention scenarios were considered [5]:

- Solar power scenario: 100 MW solar electricity, including both rooftop PV and com-
munity grids, can be installed in the near future to reduce the peak-load burden on
the grid. The emission factors used in this scenario include those commonly used to
calculate the amount of emissions in the power sector.

- Solar heat scenario: Solar thermal heaters will be provided to 20,000 households,
replacing the existing HOBs. The emission factors used in this scenario include those
used to calculate the amount of emissions from HOBs.

Table 4 shows the input data used to estimate the hourly power and heat generation
from the different photovoltaic and collector types in the article. Although the tool can be
used to evaluate several types of solar photovoltaics and collectors, the co-benefits analysis
considers single-crystalline PV and flat plate collectors with the technical specification
given in Table 4.

Table 4. Technical specification of the photovoltaic and solar collector used in this research.

Solar Photovoltaic [42]

Nominal operation cell temperature (◦C) 44.00
Incident radiation under nominal condition (W/m2) 0.80

Surface area (m2) 1.67
Rated power (kW) 0.33

Temperature coefficient (%/deg) −0.26
Solar transmittance 0.90

Derating factor 0.901

Solar Collector [43]

Surface area (m2) 1.98
Solar fraction 0.74

Figure 7 represents the collected hourly data on solar irradiation and ambient temper-
ature in UB in 2021, using the Typical Meteorological Year (TMY) date from the European
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Energy Efficiency Platform (E3P) [44]. It can be observed from this figure that, despite
freezing winters, UB has bountiful solar radiation, which peaks at more than 1 kWh/m2

during the warm season with more than an annual average of 2800 h of sunshine.

Figure 7. Hourly solar irradiation and ambient temperature in UB [44].

The emission factors used in the calculation are given in Table 5.

Table 5. Emission factors used in this study [45].

Emission Factors Electricity
(g/kWh)

Thermal
(kg/mmBtu)

CO2 971.51 93.28
N2O 0.02 0.001
CH4 0.11 0.01

PM2.5 0.18 2.40
CO 0.14 0.00
SO2 12.00 2.08

4. Results and Discussion

Figure 8 shows the monthly average electricity and thermal generation from the
intervention scenarios in UB. The maximum amount of both solar electricity and heat can
be achieved in May, which are around 23.66 (GWh) and 31.14 (TJ), respectively. The annual
electricity and thermal energy are estimated at 255.3 (GWh/y) and 317.9 (TJ/y), respectively.

Table 6 shows the annual electricity and heat generation and also expected reduction
in GHG emissions and other air pollutants for each scenario.

The estimated reductions in GHG emissions and air pollutants in the solar power
scenario are higher than in the solar heat scenario. Figure 9 illustrates the variation of
the GHG emission reduction and other pollutants associated with the above intervention
scenarios. It can be observed from this figure, although the solar heat scenario represents a
significant reduction in PM2.5, the expected co-benefits from the solar power scenario for
SO2, NOx, and CO would be much higher than this scenario.
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Table 6. Power/heat and expected reductions in GHG emissions and AP in each scenario (Estimated
by the authors).

Solar Power Scenario

Total Electricity Generation (GWh/y) 255.3

Expected reduction in GHG emissions and air pollution
GHG (1000 t/y) 250.0

PM2.5 (t/y) 45.4
CO (t/y) 35.7
SO2 (t/y) 3063.6
NOx (t/y) 1113.1

Solar Heat Scenario

Total Thermal Energy (TJ/y) 317.9
Expected reduction in GHG emissions and air pollution

GHG (1000 t/y) 61.3
PM2.5 (t/y) 721.8
SO2 (t/y) 628.0
NOx (t/y) 94.3

Total Reduction in GHG emissions and air pollution

GHG (1000 t/y) 311.3
PM2.5 (t/y) 767.2

CO (t/y) 35.7
SO2 (t/y) 3691.6
NOx (t/y) 1207.5

To assess the current situation in the baseline scenario, PM data for UB were obtained
from the Air Quality Analysis of Ulaanbaatar [7]. The article assumes the population-
weighted annual average exposure of PM in UB is estimated at 57 ug/m3 with a yearly
emission of 1300 tons [46]. Table 6 shows the annual DALYs’ estimated values attributable
to PM emissions in the baseline scenario. According to the model results, about 767 t/y
reduction in PM emissions would be expected in UB from the combined power and heat
scenario. This amount corresponds to an approximately 27.36 ug/m3 decrease in the
population-weighted concentration of PM in UB. The health co-benefits from deploying
the intervention scenario are reported in Table 7.
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Table 7. DALYs of different diseases caused by PM emissions before and after the intervention scenarios.

COPD IHD Stroke LC ALRI TB Total

Before

Relative Risk (Lower Limit) 1.100 1.239 1.169 1.088 1.306 2.125

Relative Risk (Upper Limit) 1.311 1.842 1.768 1.520 1.437 2.338

PAF (Lower Limit) 0.091 0.193 0.145 0.081 0.234 0.529

PAF (Upper Limit) 0.237 0.457 0.434 0.342 0.304 0.572

DALYs (Lower Limit) 147 2299 1401 120 2533 1315 7815

DALYs (Upper Limit) 383 5448 4207 510 3285 1421 15,254

After

Relative Risk (Lower Limit) 1.046 1.154 1.099 1.027 1.118 1.368

Relative Risk (Upper Limit) 1.157 1.351 1.299 1.251 1.230 1.505

PAF (Lower Limit) 0.044 0.133 0.090 0.026 0.105 0.269

PAF (Upper Limit) 0.136 0.260 0.230 0.200 0.187 0.336

DALYs (Lower Limit) 71 1589 874 39 1138 668 4380

DALYs Upper Limit) 219 3094 2228 299 2017 833 8690

Averted DALYs (Lower Limit) 76 711 526 81 1395 647 3435

Averted DALYs Upper Limit) 163 2354 1979 211 1268 588 6563

Figure 10 represents the combined co-benefits benefits from the intervention scenarios
in UB. It can be observed from this figure that installing 100 MW of solar power and
20,000 solar water heaters in UB results in reducing about 311,000 tons of GHGs and about
767 tons of PM; this translates to nearly 4545 DALYs and an annual saving of 11.2 million
USD for UB’s economy.
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The total expected co-benefits from the combined scenario are given in Table 8.

Table 8. Expected environmental–health–economic benefits from the combined scenario (Estimated
by the authors).

Co-Benefits Combined Scenario

Reduction in GHG emissions (1000 t) 311.4
Reduction in PM emission (t) 767.2

Averted DALYs 6563
Avoided health cost (M$) 11.2

Reduction in the unemployment rate (%) 0.136
Energy security in terms of fuel-saving (t/y) 117

In order to assess the impact of the local meteorological factors, such as the ambient
temperature on the performance of the solar photovoltaic and water heater collectors,
the expected co-benefits from the implementation of the suggested scenarios in UB were
com-pared with another city in Mongolia, Bayankhongor, which has moderated ambient
temperature. The result of the comparison between the ambient temperature and expected
co-benefits are represented in Figure 11 and Table 9, respectively. It can be observed that,
the ambient condition significantly influences the averted DALYs in this region.

Table 9. Comparison of the expected co-benefits from the combined scenario in UB and Bayankhongor
(Estimated by the authors).

Co-Benefits Ulaanbaatar Bayankhongor

Total Electricity Generation (GWh/y) 255.3 275.2
Total Thermal Energy (TJ/y) 317.9 336.4

Reduction in GHG emissions (1000 t) 311.4 314.7
Reduction in PM emission (t) 767.2 809.1

Averted DALYs 6563 7268
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5. Policy Implications

The results of the modeling could help to strengthen future climate change and air
pollution policies in UB and other parts of Mongolia. This potential is particularly great
because climate change and air pollution are closely interlinked. Those interlinkages open
opportunities to strengthen synergies between climate and air pollution policy. As noted
earlier in the article, Mongolia’s policymakers have made some efforts along these lines.
For example, in November 2019, Mongolia pledged to reduce GHGs by 22.7 percent by
2030 in its updated Nationally Determined Contributions (NDC). With that updated NDC,
Mongolia committed to implement policies and measures in the energy and five other
sectors with potential co-benefits. In addition, air pollution policies with similar promises
have been promulgated in UB.

Another opening for co-benefits is the national program for the reduction of air and
environmental pollution that is scheduled to reduce pollution by 80% compared to 2016
over two phases. Last but not least, some of the recommendations being considered in
Mongolia for the short- and long-term include carbon pricing and the long-term banning
of raw coal in favor of renewable energy sources that could also deliver co-benefits. While
the above commitments and actions are promising, there is nonetheless scope to do more.
For example, solar energy is a zero-emission energy source that has been recognized as
a key building block for climate-neutral energy infrastructure. However, solar energy’s
contributions to air quality have not been explicitly highlighted in relevant decision-making
processes. Making findings such as the significant reductions in PM from renewable energy
would arguably strengthen both climate and air policy in Mongolia. They could also
contribute to a further strengthening of Mongolia’s NDCs and efforts to transition onto
net-zero development paths.

In addition, efforts will need to focus on building bridges across the agencies and
divisions that are responsible for climate change, air pollution, and health. Too often,
siloed institutions and decision-making processes leave co-benefits underappreciated and
unrealized. One way to make them more visible in decisions is to equip decision-makers
working on climate change, air pollution, and health with accessible tools. This article,
therefore, also takes an important step in that direction.
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6. Conclusions

This study contributed to existing research by demonstrating a quantitative analytical
modeling approach to comprehensively quantify the multiple environmental, health, and
economic benefits from the installation of 100 MW solar electricity and providing solar ther-
mal heaters to 20,000 households in this region. The results revealed a significant reduction
in GHG emissions and air pollution, which can help to prevent nearly 6500 disability-
adjusted life years (DALYs) and provide an annual saving of USD 7.7 million for the local
economy. These kinds of estimates may persuade policymakers to take action on climate
change and air quality.

While the study has considerable potential to motivate action, it also opens opportuni-
ties for further inquiry that are not a focal point in the article. Potentially fruitful areas for
further research include a wider variety of scenarios that could reflect on issues such as size
optimization for solar power and heat systems or a hybrid (wind–solar–battery) renewable
energy system in the Ger area. An additional field of study that could be linked more
explicitly to the co-benefits analysis includes an economic analysis of costs or cost-benefit
analysis of different interventions. Providing benefit-cost ratios may prove even more
persuasive to policymakers.
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Nomenclature

ER Total annual reduction in emissions (Mt)
ESE Annual power generation from the solar panel (kWh/y)
ESEH Annual heat generation from the solar panel (GJ/y)
EFElc, coal Pollutants emission factors of coal per unit of electricity generated from

the grid (g/kWh)
EFH, coal Pollutants emission factors of coal per unit of thermal energy (g/GJ)
PPV Hourly electricity generation from each square meter of the solar panel (kWh/m2)
APv Total surface area for solar power generation (m2)
QH,t Hourly thermal energy generation from each solar collector (MJ/h)
N Quantity of the solar water heaters
t Time period (h)
YPV the rated capacity of the PV array; namely, the power output under standard test

conditions (luminous intensity: 1000 W/m2; temperature: 25 ◦C; air mass: 1.5) [kW]
fPV the PV derating factor (%)
GT the solar radiation incident on the PV array in the current time step [kW/m2]
GT,STC the incident radiation at standard test conditions [1 kW/m2]
αp the temperature coefficient of power [%/◦C]
TC the PV cell temperature in the current time step [◦C]
TC,STC the PV cell temperature under standard test conditions [25 ◦C]
Gb the beam radiation [kW/m2]
Gd the diffuse radiation [kW/m2]
ω1 hour angle at the beginning of the time step [◦]
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ω2 hour angle at the end of the time step [◦]
n the day of the year [a number between 1 and 365]
Gsc the solar constant [1.367 kW/m2]
ρg the ground reflectance, which is also called the albedo [%]
ts the solar time [h]
tc civil time in hours corresponding to the midpoint of the time step [h]
λ longitude of the location [◦]
ZC the time zone in hours east of GMT [h]
E the equation of time [h], the calculation method of it is as below:
θ the angle of incidence [◦]
β the slope of the surface [◦]
γ the azimuth of the surface [◦]
φ the latitude [◦]
δ the solar declination [◦]
ω the hour angle [◦]
Ta the ambient temperature [K]
TC,NOCT the nominal operating cell temperature [317 K]
Ta,NOCT the ambient temperature at which the NOCT is defined [293 K]
GT the solar radiation striking the PV array [kW/m2]
GT,NOCT the solar radiation at which the NOCT is defined [0.8 kW/m2]
ηmp,STC the efficiency of the PV array at its maximum power point under standard

conditions [%] (ηmp,STC = YPV
APV ·GT,STC

, where APV is the surface of the PV array [m2],
and GT,STC is equal to 1 kW/m2)

αp the temperature coefficient of power [%/◦C]
TC,STC the cell temperature under standard test conditions [298 K]
τ the solar transmittance of any cover over the PV array [%]
α the solar absorptance of the PV array [%]
δ f n the design solar fraction [30–60%]
Cp,w the specific heat capacity of water [kJ/(kg ◦C)]
Te the required temperature of hot water [◦C]
Ti the initial temperature of inlet water [◦C]
Ac the area of heat collector [m2]
LHV the low calorific heating value of coal (Bitaminus in this research) [GJ/t]
PAFD,p the population attributable risk fraction of the disease (d) in the exposure group (p)
RRD,p the relative risk of
DALYsD,p DALYs attributable to the selected disease (D) in the exposure group (p)
ADALYsD,p Averted DALYs from the intervention scenario for the disease (D) in the exposure

group (p)
B Baseline scenario
I Intervention scenario
GDP the per capita GDP [$]
SavingD,p Monetized benefits of the DALYs averted of the disease (d) in the exposure group (p)
∆uc,n Change in the unemployment rate by introducing solar energy projects
β Okun’s Law coefficient, which is estimated by using historical data on

unemployment rates and GDP
Pop Population
ExtraGDP Average GDP level that an individual in optimal health may achieve in a given year

in a given country [$]
ESE Annual electricity generated from the solar photovoltaic [GJ]

ESH Annual thermal energy generated from the solar collector [GJ]
FS Fuel saving [t]



Int. J. Environ. Res. Public Health 2022, 19, 6931 18 of 19

References
1. Center for Health Development. Health Indicators. World Health Organization, Western Pacific Region. 2016. Available online:

https://untobaccocontrol.org/impldb/wp-content/uploads/mongolia_2018_annex-1_health_indicator_2016.pdf (accessed on
1 December 2021).

2. ADB. Mongolia’s Ulaanbaatar Breathes Easier After Cleanup of Air Quality. Project Result/Case Study. 2021. Available online:
https://www.adb.org/results/mongolias-ulaanbaatar-breathes-easier-after-cleanup-air-quality (accessed on 1 December 2021).

3. Allen, R.W.; Gombojav, E.; Barkhasragchaa, B.; Byambaa, T.; Lkhasuren, O.; Amram, O.; Takaro, T.K.; Janes, C.R. An assessment
of air pollution and its attributable mortality in Ulaanbaatar, Mongolia. Air Qual. Atmos. Health 2011, 6, 137–150. [CrossRef]

4. Economic Commission for Europe. Environmental Performance Review: Mongolia—First Review; United Nations: New York, NY,
USA, 2019.

5. Finance UNEP Initiative, Fs-UNEP Collaborating Centre. Financing Household Clean Energy Solutions, Ulaanbaatar, Mongolia. 2018.
Available online: https://www.ccacoalition.org/en/file/4801/download?token=WpKPuv0W (accessed on 1 December 2021).

6. Solar Resource Maps of Mongolia. Solar Irradiance Data|Solargis. 2021. Available online: https://solargis.com/maps-and-gis-
data/download/mongolia (accessed on 1 December 2021).

7. MONTSAME News Agency. 2022. Available online: https://www.montsame.mn/en/read/207949 (accessed on 1 December 2021).
8. United Nations, Framework Convention on Climate Cahnge. Report of the Green Climate Fund to the Conference of the

Parties, FCCC/CP/2020/5. 2021. Available online: https://unfccc.int/sites/default/files/resource/cp2020_05E.pdf (accessed on
1 December 2021).

9. Xac Bank on the Renewable Energy Programme. Available online: https://www.xacbank.mn/page/esms-on-renewable-energy-
programme-solar?lang=en (accessed on 1 December 2021).

10. Asian Development Bank. ADB Supports Private Sector Solar Power Development in Mongolia. 2019. Available online:
https://www.adb.org/news/adb-supports-private-sector-solar-power-development-mongolia (accessed on 1 December 2021).

11. Ayres, R.; Walter, J. The greenhouse effect: Damages, costs and abatement. Environ. Resour. Econ. 1991, 1, 237–270. [CrossRef]
12. Jochem, E.; Madlener, R. The forgotten benefits of climate change mitigation: Innovation, technological leapfrogging, employment,

and sustainable development. In Workshop on the Benefits of Climate Policy: Improving Information for Policy Makers; OECD: Paris,
France, 2003.

13. Pearce, D. Policy Frameworks for the Ancillary Benefits of Climate Change Policies; Centre for Social and Economic Research on the
Global Environment: London, UK, 2000.

14. Aunan, K.; Fang, J.; Vennemo, H.; Oye, K.; Seip, M.H. Co-benefits of Climate Policy-Lessons Learned from a Study in Shanxi,
China. Energy Policy 2004, 32, 567–581. [CrossRef]

15. Uchida, T.; Zusman, E. Reconciling Local Sustainable Development Benefits and Global Greenhouse Gas Mitigation in Asia:
Research Trends and Needs. Reg. Policy Res. 2010, 11, 57–73.

16. Miyatsuka, A.; Zusman, E. Fact Sheet No. 1 What are Co-benefits? ACP Fact Sheet 2008, 1, 1–3.
17. IPCC. 2001 Climate Change 2001–Mitigation: Contribution of Working Group III to the Third Assessment Report of the Intergovernmental

Panel on Climate Change Vol 3; Cambridge University Press: Cambridge, UK, 2001.
18. Farzaneh, H.; Zusman, E.; Chae, Y. (Eds.) Aligning Climate Change and Sustainable Development Policies in Asia; Springer:

Berlin/Heidelberg, Germany, 2021.
19. IPCC. Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2014.
20. Ürge-Vorsatz, D.; Tirado-Herrero, S.; Dubash, N.; Lecocq, F. Measuring the Co-Benefits of Climate Change Mitigation. Annu. Rev.

Environ. Resour. 2014, 39, 549–582. [CrossRef]
21. Jiawen, G.; Huijuan, D.; Farzaneh, H.; Yong, G.; Reddington, C. Uncovering the overcapacity feature of China’s industry and the

environmental & health co-benefits from de-capacity. J. Environ. Manag. 2022, 308, 114645.
22. Farzaneh, H. Devising a Clean Energy Strategy for Asian Cities; Springer: Berlin/Heidelberg, Germany, 2018.
23. Farzaneh, H.; Xin, W. Environmental and Economic Impact Assessment of the Low Emission Development Strategies (LEDS) in

Shanghai, China. APN Sci. Bull. 2020, 10, 1–14. [CrossRef]
24. GCF. Funding Proposal Template & Guidance Note. 2022. Available online: https://www.greenclimate.fund/document/

funding-proposal-template (accessed on 1 December 2021).
25. Facci, A.L.; Krastev, V.K.; Falcucci, G.; Ubertini, S. Smart integration of photovoltaic production, heat pump and thermal energy

storage in residential applications. Sol. Energy 2019, 192, 133–143. [CrossRef]
26. Hachem-Vermette, C.; Guarino, F.; La Rocca, V.; Cellura, M. Towards achieving net-zero energy communities: Investigation of

design strategies and seasonal solar collection and storage net-zero. Sol. Energy 2019, 192, 169–185. [CrossRef]
27. Lema, R.; Bhamidipati, P.L.; Gregersen, C.; Hansen, U.E.; Kirchherr, J. China’s investments in renewable energy in Africa: Creating

Co-benefits or just cashing-in? World Dev. 2021, 141, 105365. [CrossRef]
28. García-Valladares, O.; Ituna-Yudonago, J. Energy, economic and emissions avoided contribution of domestic solar water heating

systems for Mexico, Costa Rica and the Democratic Republic of the Congo. Sustain. Energy Technol. Assess. 2020, 39, 100721.
[CrossRef]

29. Ren, M.; Mitchell, C.R.; Mo, W. Managing residential solar photovoltaic-battery systems for grid and life cycle economic and
environmental Co-benefits under time-of-use rate design. Resour. Conserv. Recycl. 2021, 169, 105527. [CrossRef]

https://untobaccocontrol.org/impldb/wp-content/uploads/mongolia_2018_annex-1_health_indicator_2016.pdf
https://www.adb.org/results/mongolias-ulaanbaatar-breathes-easier-after-cleanup-air-quality
http://doi.org/10.1007/s11869-011-0154-3
https://www.ccacoalition.org/en/file/4801/download?token=WpKPuv0W
https://solargis.com/maps-and-gis-data/download/mongolia
https://solargis.com/maps-and-gis-data/download/mongolia
https://www.montsame.mn/en/read/207949
https://unfccc.int/sites/default/files/resource/cp2020_05E.pdf
https://www.xacbank.mn/page/esms-on-renewable-energy-programme-solar?lang=en
https://www.xacbank.mn/page/esms-on-renewable-energy-programme-solar?lang=en
https://www.adb.org/news/adb-supports-private-sector-solar-power-development-mongolia
http://doi.org/10.1007/BF00367920
http://doi.org/10.1016/S0301-4215(03)00156-3
http://doi.org/10.1146/annurev-environ-031312-125456
http://doi.org/10.30852/sb.2020.1006
https://www.greenclimate.fund/document/funding-proposal-template
https://www.greenclimate.fund/document/funding-proposal-template
http://doi.org/10.1016/j.solener.2018.06.017
http://doi.org/10.1016/j.solener.2018.07.024
http://doi.org/10.1016/j.worlddev.2020.105365
http://doi.org/10.1016/j.seta.2020.100721
http://doi.org/10.1016/j.resconrec.2021.105527


Int. J. Environ. Res. Public Health 2022, 19, 6931 19 of 19

30. Kim, M.; Kim, D.; Heo, J.; Lee, D. Techno-economic analysis of hybrid renewable energy system with solar district heating for net
zero energy community. Energy 2019, 187, 115916. [CrossRef]

31. Cravioto, J.; Ohgaki, H.; Che, H.S.; Tan, C.; Kobayashi, S.; Toe, H.; Long, B.; Oudaya, E.; Rahim, N.A.; Farzeneh, H. The effects of
rural electrification on quality of life: A Southeast Asian perspective. Energies 2020, 13, 2410. [CrossRef]

32. Lo, K.; Castán Broto, V. Co-benefits, contradictions, and multi-level governance of low-carbon experimentation: Leveraging solar
energy for sustainable development in China. Glob. Environ. Change 2019, 59, 101993. [CrossRef]

33. Nuru, J.T.; Rhoades, J.L.; Gruber, J.S. Evidence of adaptation, mitigation, and development Co-benefits of solar mini-grids in rural
Ghana. Energy Clim. Change 2021, 2, 100024. [CrossRef]

34. Duffie, J.A.; Beckman, W.A. Solar Engineering of Thermal Processes; John Wiley & Sons: Hoboken, NJ, USA, 2013.
35. Yoshida, Y.; Farzaneh, H. Optimal design of a stand-alone residential hybrid Microgrid system for enhancing renewable energy

deployment in Japan. Energies 2020, 13, 1737. [CrossRef]
36. Takatsu, N.; Farzaneh, H. Techno-economic analysis of a novel hydrogen-based hybrid renewable energy system for both grid-tied

and off-grid power supply in Japan: The case of Fukushima prefecture. Appl. Sci. 2020, 10, 4061. [CrossRef]
37. Institute for Health Metrics and Evaluation. Global Burden of Disease (GBD). 2022. Available online: https://vizhub.healthdata.

org/gbd-compare/ (accessed on 1 December 2021).
38. Hassan Bhat, T.; Jiawen, G.; Farzaneh, H. Air Pollution Health Risk Assessment (AP-HRA), Principles and Applications. Int. J.

Environ. Res. Public Health 2021, 18, 1935. [CrossRef] [PubMed]
39. Larson, B.A. Calculating disability-adjusted-life-years lost (DALYs) in discrete-time. Cost Eff. Resour. Alloc. 2013, 11, 18. [CrossRef]
40. Elhorst, J.P.; Emili, S. A spatial econometric multivariate model of Okun’s law. Reg. Sci. Urban Econ. 2022, 93, 103756. [CrossRef]
41. Palombi, S.; Perman, R.; Tavéra, C. Commuting effects in Okun’s law among British areas: Evidence from spatial panel

econometrics. Pap. Reg. Sci. 2015, 96, 191–209. [CrossRef]
42. Panasonic Panasonic Photovoltaic Module HITVBHN245SJ25VBHN240SJ25. Available online: https://panasonic.net/

lifesolutions/solar/download/pdf/VBHN245_240SJ25_ol_190226.pdf (accessed on 1 December 2021).
43. Chofu Solar Water Heater Heater SW1-23. Available online: https://www.chofuglobal.com/solar_water_heater.html (accessed on

1 December 2021).
44. Climate.onebuilding.org. 2022. Available online: https://climate.onebuilding.org/WMO_Region_2_Asia/MNG_Mongolia/

index.html (accessed on 1 December 2021).
45. The United States Environmental Protection Agency (EPA). Emission Factors for Greenhouse Gas Inventories. Available online:

https://www.epa.gov/sites/default/files/2015-07/documents/emission-factors_2014.pdf (accessed on 1 December 2021).
46. Hill, L.D.; Edwards, R.; Turner, J.R.; Argo, Y.D.; Olkhanud, P.B.; Odsuren, M.; Guttikunda, S.; Ochir, C.; Smith, K.R. Health

assessment of future PM2.5 exposures from indoor, outdoor, and secondhand tobacco smoke concentrations under alternative
policy pathways in Ulaanbaatar, Mongolia. PLoS ONE 2017, 12, e0186834. [CrossRef] [PubMed]

http://doi.org/10.1016/j.energy.2019.115916
http://doi.org/10.3390/en13102410
http://doi.org/10.1016/j.gloenvcha.2019.101993
http://doi.org/10.1016/j.egycc.2021.100024
http://doi.org/10.3390/en13071737
http://doi.org/10.3390/app10124061
https://vizhub.healthdata.org/gbd-compare/
https://vizhub.healthdata.org/gbd-compare/
http://doi.org/10.3390/ijerph18041935
http://www.ncbi.nlm.nih.gov/pubmed/33671274
http://doi.org/10.1186/1478-7547-11-18
http://doi.org/10.1016/j.regsciurbeco.2021.103756
http://doi.org/10.1111/pirs.12166
https://panasonic.net/lifesolutions/solar/download/pdf/VBHN245_240SJ25_ol_190226.pdf
https://panasonic.net/lifesolutions/solar/download/pdf/VBHN245_240SJ25_ol_190226.pdf
https://www.chofuglobal.com/solar_water_heater.html
https://climate.onebuilding.org/WMO_Region_2_Asia/MNG_Mongolia/index.html
https://climate.onebuilding.org/WMO_Region_2_Asia/MNG_Mongolia/index.html
https://www.epa.gov/sites/default/files/2015-07/documents/emission-factors_2014.pdf
http://doi.org/10.1371/journal.pone.0186834
http://www.ncbi.nlm.nih.gov/pubmed/29088256

	Introduction 
	Background 
	Research Gaps and Originality Highlights 

	Modeling Framework Development 
	Environmental Benefits Assessment 
	Public Health Benefits Assessment 
	Economic Benefits Assessment 

	Scenario Definition and Input Data 
	Results and Discussion 
	Policy Implications 
	Conclusions 
	References

