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Abstract 

Water heating is increasingly becoming one of the major energy-consuming activities in Kenya and globally. This trend is largely 

driven by significant efficiency improvements in other energy consuming sectors such as lighting and household appliances, 

while heating technologies have experienced relatively minimal advancements. Although electric water heaters are efficient, 

their adoption in institutions such as Multimedia University (MMU) has declined due to several challenges, including high 

electricity costs, high maintenance costs associated with elevated chlorine levels in water, carbon dioxide (CO2) emissions from 

grid electricity, and national trade imbalances linked to the importation of heavy fuel oil used in non-renewable electricity 

generation. This study evaluates the techno-economic feasibility of replacing electric immersion heaters with evacuated tube 

solar collectors (ETCs) for large-scale water heating at MMU’s executive hostel, serving over 300 users. Water consumption 

patterns were monitored over one week, revealing an average usage of 49.1 L per person per bath and a total daily demand of 

15,529.6 L, corresponding to an energy demand of 400.48 kWh/day. RETScreen Expert software was used to simulate and 

optimize the solar thermal system using a site solar radiation of 5.32 kWh/m2/day and collector parameters Fr(τα)=0.68 and 

FrUL=1.33. The results indicate that immersion heaters currently consume 175,200 kWh annually at a cost of $31,658.51 and 

generate 8,628.7 kg of CO2 emissions per year. The optimal ETC system achieves a 64% solar fraction with a collector capacity 

of 21,300 L, a tilt angle of 15°, and storage of 75 L/m2. Economic analysis at a nominal discount rate of 10.75% yields a net 

present value of $29,083.96, an internal rate of return of 24%, and a payback period of less than three years, demonstrating the 

strong economic viability of solar water heating for institutional applications. 
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1. Introduction 

Water heating is increasingly becoming one of the major 

energy-consuming activities both in Kenya and globally. It ac-

counts for approximately 15–40% of total energy consump-

tion in residential buildings and 11–30% in hotels worldwide 

[1]. In recent years, water heating has emerged as a significant 

contributor to building energy demand, and its relative share 

continues to increase as energy consumption in other sectors 

declines. Historically, the proportion of energy used for water 

heating was relatively low because other energy-consuming 

services such as space heating, ventilation, refrigeration, and 

lighting dominated building energy demand [2]. 

Over time, substantial improvements have been made in the 

efficiency of appliances such as LED lighting, refrigerators, 

and fans, whereas the efficiency of conventional electrical 

heating elements has remained largely unchanged. As a result, 

there is growing interest in exploring alternative technologies 

that can reduce the proportion of energy used for water heating. 

One promising alternative is the solar water heating (SWH) 

system based on 300 L evacuated tube collectors (ETCs). Pre-

vious studies have shown that ETC systems can be economi-

cally viable, although their performance varies across loca-

tions, with reported payback periods ranging from 3 to 15 

years [3]. Evacuated tube collectors are known for their high 

thermal efficiencies of approximately 60–80%, as well as their 

environmental benefits, since they produce no direct CO2 

emissions during operation, with emissions occurring only 

during the manufacturing stage [4]. 

Despite their significant potential to reduce energy consump-

tion and greenhouse gas emissions, the economic feasibility of 

solar water heating systems remains a critical factor influencing 

their widespread adoption. Although SWH systems offer long-

term energy savings and reduced operational costs, their imple-

mentation is often constrained by high initial investment costs, 

uncertain payback periods, and sensitivity to regional variations 

in solar radiation, climatic conditions, and policy support mech-

anisms, such as subsidies or tax incentives [5]. 

These economic concerns particularly in developing coun-

tries or among budget-constrained consumers present substan-

tial barriers to large-scale market penetration. 

This study therefore presents a comprehensive evaluation 

of the economic feasibility of solar water heating systems us-

ing evacuated tube collectors in Kenya, with a case study at 

Multimedia University Executive Hostel (MMU-EH). The 

analysis considers key economic indicators including capital 

costs, maintenance requirements, energy savings, payback pe-

riod (PBP), net present value (NPV), internal rate of return 

(IRR), and levelized cost of energy (LCOE). By examining 

the interaction between technological performance, environ-

mental conditions, and economic factors, the study aims to 

generate practical insights that can inform decision-making 

among policymakers, energy planners, industry stakeholders, 

and end users. Ultimately, the goal is to support the integration 

of solar thermal systems into broader energy strategies, 

thereby contributing to sustainable development, energy secu-

rity, and climate change mitigation. 

2. Theoretical Background 

2.1. Operation of Evacuated Tube Collectors 

Evacuated tube collectors (ETCs) are solar thermal systems 

that use vacuum-sealed glass tubes to minimize heat losses 

while maximizing solar energy absorption. Several configura-

tions of ETCs exist, each characterized by its heat transfer 

mechanism and system design. These configurations include 

U-pipe systems, thermosyphon systems, heat pipe systems, 

batch or integrated systems, and compound parabolic concen-

trator (CPC)-assisted systems [7]. U-pipe systems contain two 

pipes within each tube one for the inlet and the other for the 

outlet of the heat transfer fluid allowing efficient heat ex-

change without internal fluid mixing [6]. These systems are 

capable of capturing both direct and diffuse solar radiation 

without requiring solar tracking. 

Heat pipe systems employ a sealed copper pipe containing 

a volatile working fluid that undergoes phase change during 

operation. This design provides high thermal efficiency and 

improved performance in cold or pressurized environments, 

owing to the vacuum insulation and efficient heat transfer 

mechanism. 

Thermosyphon ETCs operate on the principle of natural 

convection. As water within the collector tubes heats up, it 

rises into an insulated storage tank positioned above the col-

lector, while cooler water flows back into the tubes for reheat-

ing [7]. These systems are relatively simple, non-pressurized, 

and well suited to locations where complex plumbing or 

pumping systems are not available. However, their efficiency 

is generally lower than that of heat pipe or U-pipe designs, 

particularly in colder climates. 

Batch-type or integrated ETC systems are among the most 

cost-effective designs, with water stored directly within the 

collector tubes or in an attached storage tank [6]. These sys-

tems are commonly used in rural or low-income settings and 

perform best in warm climates, although they may experience 

significant heat losses during cooler nights. 

CPC assisted ETCs incorporate compound parabolic con-

centrators, which focus additional sunlight onto the absorber 

tubes. This design significantly enhances collector efficiency, 

even under diffuse solar radiation or imperfect collector ori-

entation [8]. CPC-assisted systems are typically suited for 

high-demand or industrial applications, although they involve 

higher costs and more complex installation requirements. Ul-

timately, the selection of an ETC system depends on several 

factors, including climatic conditions, budget constraints, op-

erating pressure requirements, and application type. Heat pipe 

and CPC-assisted systems are particularly suitable for cold or 
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variable climates requiring pressurized operation and high ef-

ficiency, while U-pipe systems perform reliably in moderate 

to warm climates. In contrast, thermosyphon and batch sys-

tems are more appropriate for sunny tropical regions where 

simplicity and affordability are key considerations [7]. 

2.2. ETC Solar Water Heater Efficiency 

The thermal efficiency of an Evacuated Tube Collector (ETC) 

is a key performance indicator used to determine how effec-

tively the system converts incident solar radiation into useful 

thermal energy for water heating. The efficiency depends on 

several operational and environmental factors, including solar 

irradiance, ambient temperature, and collector characteristics. 

The efficiency of an ETC can be expressed as shown in 

Equation (1) 

ɳ = Fr(τα) – FrUL(Ti – Ta)/G       (1) 

where: 

η = thermal efficiency of the collector 

(τα) = transmittance–absorptance product, representing the 

fraction of solar radiation transmitted through the glass cover 

and absorbed by the absorber surface 

Ti = inlet fluid temperature 

Ta = ambient temperature 

G = solar irradiance (W/m2) 

UL = overall heat loss coefficient (W/m2·K), representing 

heat losses from the collector to the environment 

Fr = collector heat removal factor, indicating the effective-

ness of transferring absorbed heat to the working fluid [9]. 

These parameters are essential for accurately evaluating the 

thermal performance of an ETC system. 

The total useful thermal energy collected by the system 

over a given period can be estimated by multiplying the daily 

solar radiation (kWh/m2/day) by the collector surface area (m2) 

and the collector efficiency. This provides an estimate of the 

actual energy available for water heating. 

2.3. Literature Review 

Several studies have evaluated the economic and technical 

performance of solar water heating systems, particularly those 

based on evacuated tube collectors. 

In 2016, the National Renewable Energy Laboratory 

(NREL) examined the cost-efficiency of ETCs compared to 

flat-plate collectors across the United States. The study found 

that ETCs performed better economically in the southwestern 

states due to higher solar irradiance levels. However, in the 

northeastern regions where solar resources are limited, the 

systems were less competitive. These findings highlight the 

strong influence of geographical and climatic conditions on 

the economic performance of solar thermal technologies. 

Similarly, [8] investigated the financial benefits of ETC 

systems in India. Their results showed that ETC-based water 

heating systems produced annual savings of approximately 

37.5% compared with electric heaters and 36.7% compared 

with gas heating systems. This suggests that ETCs are partic-

ularly advantageous in regions where conventional energy 

costs are high and solar radiation is abundant. 

A study by [27] examined the economic feasibility of in-

stalling solar water heaters in Kenyan households equipped 

with instant electric showers. Their analysis indicated that a 

200-liter solar water heating system could reach a breakeven 

point in approximately five years, depending on household hot 

water demand and prevailing electricity tariffs. 

Further research conducted by [28] evaluated the economic 

performance of solar water heaters across different regions of 

Turkey. Their findings emphasized that ETC systems are most 

viable in locations with favorable solar resources and supportive 

market conditions. The study recommended site-specific analysis 

to improve the accuracy of financial feasibility assessments. 

More recently, a 2023 global review indexed in PubMed Cen-

tral analyzed strategies for improving the performance of ETC 

systems. The study highlighted several technological innovations 

aimed at enhancing collector efficiency. Improved efficiency was 

indirectly linked to lower operational costs and improved eco-

nomic feasibility. However, the study primarily focused on tech-

nical improvements rather than detailed economic analysis. 

Future projections suggest that ongoing advancements in col-

lector materials and the implementation of government incen-

tives may significantly reduce the cost of ETC systems. Prelim-

inary projections indicate that improved system designs and fi-

nancial support mechanisms could reduce the payback period 

to approximately 5–7 years in regions with high solar potential. 

Despite these advances, a notable gap exists in the literature 

regarding the influence of water usage patterns and water 

quality on the economic performance of solar water heating 

systems. For example, the impact of bathtub usage, as well as 

chemical water treatment factors such as chlorine content, has 

rarely been investigated. This gap is particularly relevant for 

institutional facilities such as the **Multimedia University of 

Kenya Executive Hostel. 

Additionally, several factors including government subsi-

dies, installation and maintenance costs, system lifespan, and 

optimal installation configurations significantly influence the 

economic viability of ETC systems. There is therefore a need 

to develop localized financial evaluation models that institu-

tions in Kenya can use to accurately estimate breakeven peri-

ods for solar water heating installations. 

Furthermore, existing literature provides limited guidance 

on the optimal installation configuration required to maximize 

the return on investment for ETC systems. This study aims to 

address this gap by evaluating different installation configura-

tions and determining the most economically viable option. 

3. Methodology 

Figure 1 illustrates the procedures used to evaluate the fea-

sibility and performance of the proposed solar water heating 

system. 
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Figure 1. System Evaluation Flow Chart. 

3.1. Study Area 

The study was conducted at the Multimedia University of 

Kenya Executive Hostels located within the university’s main 

campus in Nairobi, Kenya. The campus is situated along 

Magadi Road approximately 25 km southwest of Nairobi’s 

city center, at coordinates 1°22′53″S, 36°46′3″E. The Execu-

tive Hostel complex consists of two buildings—Nyati Hostel 

and Twiga Hostel with a combined accommodation capacity 

of 328 occupants, excluding staff. 

3.2. Determining Running Costs of Immersion 

Heaters 

Electricity consumption associated with the existing water 

heating system was determined using the rated power con-

sumption of immersion heaters installed in the executive hos-

tels. The original solar water heating system had previously 

been abandoned due to high operational costs. The cost of op-

erating and maintaining the current electric water heating sys-

tem was estimated using operational data obtained from the 

MMU estate management office. 

3.3. Determination of Daily Energy Demand 

Daily energy demand for hot water was determined experi-

mentally using two complementary approaches. The first ap-

proach involved distributing a Google Form questionnaire to 

hostel occupants in order to collect information about water 

usage habits. 

The second approach involved direct measurement of hot 

water consumption by a sample group of occupants over a 

seven day monitoring period. 

The required sample size was determined using Cochran’s 

sample size formula (with finite population correction). 

Hot water usage per shower and bath was monitored using 

energy meters installed in selected rooms. Additionally, water 

consumption associated with bathtub use was measured for 20 

randomly selected occupants over one week. Participants who 

were unavailable during the study period were replaced with 

other randomly selected occupants. 

The total thermal energy demand was calculated using 

equation (2) below. 

Q=mcΔT                   (2) 

where 

Q = total thermal energy required 

m = mass of water heated 

c = specific heat capacity of water (4.186 J/g°C) 

ΔT = temperature difference between inlet and outlet water 

The mass of water was estimated assuming a water density 

of 1000 kg/m³, consistent with typical water supplied to the 

MMU hostels. 
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Carbon emissions associated with the existing electric wa-

ter heating system were estimated using the grid emission fac-

tor provided by the Energy and Petroleum Regulatory Author-

ity (EPRA). 

The grid emission factor used in the study was obtained us-

ing Equation (3). 

Grid emission factor = 0.04927 tCO2/MWh       (3) 

3.4. Modeling 

After determining the daily hot water demand, a solar water 

heating system based on 300-liter evacuated tube collectors 

was designed and simulated using RETScreen Expert soft-

ware. The system configuration included 300 liter ETC col-

lectors with storage tanks, a control system, a backup electric 

heating system. The required number of collectors was deter-

mined through simulation based on daily hot water demand, 

solar radiation data for the location and collector thermal effi-

ciency. 

The model required input parameters including Fr(τα) and 

FrUL coefficients. These parameters were obtained from the 

technical manual of ETC systems manufactured by **Philips 

Kenya. These collectors were selected because they had al-

ready been procured by MMU for installation in the Executive 

Hostels and represent some of the most modern ETC technol-

ogies available in the Kenyan market. 

3.5. Economic Evaluation 

3.5.1. Economic Analysis Equations 

Several financial indicators were used to evaluate the 

economic feasibility of the proposed system, including 

Net Present Value (NPV), Internal Rate of Return (IRR), 

Profitability Index (PI), Levelized Cost of Energy 

(LCOE), Annual Cash Inflows (ACI) and Discounted Pay-

back Period. 

Future annual cash inflows were calculated as the dif-

ference between annual costs and savings resulting from 

reduced electricity consumption. The present value of fu-

ture cash flows was determined by discounting future in-

come streams using the discount rate provided by the Cen-

tral Bank of Kenya. Net Present Value (NPV) was then 

calculated to determine whether the investment would 

generate a positive return over its economic lifetime. The 

Internal Rate of Return (IRR) represents the discount rate 

at which the NPV equals zero, indicating the expected an-

nual rate of return on the investment. The Profitability In-

dex (PI) was calculated as the ratio between the NPV and 

the initial investment cost. A PI greater than 1 indicates a 

financially viable investment. The payback period both 

static and discounted was also calculated to estimate the 

time required for the system to recover its initial invest-

ment cost [10]. 

3.5.2. Comparing Different Water Heating Methods 

The study compared five water heating technologies that in-

cluded electric heaters, heat pumps, LPG gas systems, fire-

wood heating systems and evacuated tube collector systems. 

The comparison was based on their economic performance 

over a seven-year analysis period in Nairobi. Key parameters 

considered included: capital cost, maintenance costs, fuel 

prices and system efficiencies [11]. 

A constant annual heat demand of 142,019 kWh and a dis-

count rate of 10.75% were assumed. For each technology, to-

tal lifecycle costs were calculated using discounted cash flow 

analysis, and the Levelized Cost of Energy (LCOE) was de-

termined. The system with the lowest LCOE was considered 

the most cost-effective option [12]. 

Simulation results indicated that the optimal installation 

configuration for fixed ETC collectors provided a solar frac-

tion of 64.8%. However, alternative configurations showed 

potential performance improvements, including single-axis 

tracking collectors, dual-axis tracking collectors, insulated 

piping systems and collector systems without integrated 

storage. Economic analysis tools were used to evaluate 

whether these alternatives would provide better financial re-

turns [13]. 

Net savings were calculated by comparing the total dis-

counted cost of operating each solar water heating system with 

the baseline cost of continuing to use grid electricity. First, the 

discounted cost of backup electricity required during the pro-

ject lifetime was calculated for each system. 

Second, the NPV of the solar water heating system was 

treated as the financial benefit generated by installing the sys-

tem. 

Finally, the net savings were obtained by subtracting the to-

tal adjusted system cost from the baseline electricity cost. This 

value represents the actual financial benefit achieved by in-

stalling the ETC-based solar water heating system. 

4. Results and Discussion 

4.1. Current Cost of Electricity 

4.1.1. Immersion Heaters 

The Executive Hostels (EH) consist of ten hot water storage 

tanks, each with a capacity of 3000 L, distributed across the 

two hostels: Nyati and Twiga. Each storage tank is fitted with 

four 3 kW immersion heaters, which operate for approxi-

mately 4 hours per day. 

The immersion heaters operate as purely resistive loads, 

meaning they do not significantly influence the power factor 

of the electrical system. The daily electricity consumption was 

calculated using the heater power rating, the number of heaters, 

and their daily operating time. 

The daily electricity consumption was calculated using the 
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heater power rating, the number of heaters, and their daily op-

erating time as follows: 

Watts per heater x number of heaters x hours it operates per 

day 

300 𝑘𝑊 × 40 × 4 = 480𝑘𝑊ℎ/𝐷𝑎𝑦 

Or 

14,400 Kwh per month or 172,800 Kwh per year 

Using the current electricity tariff of USD 0.16 per kWh, 

the total electricity cost is estimated as: 

14,400 kWh x 0.16 = $2304 Per month or $27,648 per year 

Monthly cost: 

14,400×0.16=2304 USD 

Annual cost: 

USD $27,648 

These results demonstrate that electric immersion heating 

results in significant operational expenditure for the institution. 

4.1.2. Maintenance Cost 

The 3 kW immersion heaters are replaced on average every 

three months due to the high chlorine levels in the water. Each 

heater costs approximately $27.09. 

With a total of 40 heaters replaced every three months, the 

maintenance cost amounts to approximately $1,083.59 per 

quarter, or $4,334.37 annually. This estimate excludes labor 

costs, as the replacements are carried out by university staff 

who are already employed in other departments. 

Therefore, the total annual cost of using immersion heaters 

is: 

$27,648 + $4,334.37 = $31982.37 

4.1.3. Carbon Dioxide Produced by Current 

Installation 

The most recent data from EPRA was used to estimate the 

carbon dioxide (CO2) emissions associated with the use of im-

mersion heaters. Figure 2 below illustrates the trend of CO2 

emissions from Kenya’s electricity grid from 2019 to Decem-

ber 2024. 

 

 
Figure 2. A trend in CO2 emissions from electricity in Kenya from 2019 to 2024 [11]. 

From the graph, the grid emission factor is 0.04927 

tCO2/MWh (EPRA, 2025a). Using this factor, the CO2 emis-

sions were calculated as follows: 

The total annual energy consumption is 175,200 kWh. 

Therefore, the estimated CO2 emissions are: = 8,628.7 kg CO2 

per year. 

4.2. Daily Hot Water Energy Demands in the 

Hostels 

Using Cochran’s sample size formula (with finite popula-

tion correction), the sample size was determined to be 40, as-

suming a confidence level of 90%, a margin of error of 5%, 

and a total population of 328. 

The occupants of the executive hostels were found to use 

three main electric water heating methods. The majority (60%) 

used 200L bathtubs. About 10% of the occupants used instant 

water heating showerheads, while the remaining 30% relied 

on buckets and water basins. 

Some occupants reported using a combination of methods 

alternating between showerheads, buckets, and bathtubs. 

However, for consistency and to minimize ambiguity in the 

analysis, such respondents were categorized according to the 

method they used most frequently. 

4.2.1. Water Usage Using Bathtubs 

The collected data were analyzed and presented graphically 

to visualize the bathing patterns of occupants. Figure 3 below 

illustrates the bathing patterns of occupants who use bathtubs. 
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Figure 3. Bathing patterns of occupants using bathtubs. 

The results indicate that water usage for occupants using 

bathtubs ranged between 40 liters and 105 liters per use. Most 

occupants exhibited relatively consistent water usage patterns, 

typically varying within ±20 liters. The average water con-

sumption among users of the 200 L bathtubs was found to be 

70.10 liters. 

4.2.2. Water Usage Using Shower Heads 

For showerheads, the average flow rate was approximately 

5 liters per minute. Water usage was primarily determined by 

the duration for which the water was allowed to flow during 

showering. 

To ensure privacy, water usage for showerhead users was 

measured using a water meter, similar to the approach used 

for bathtub users. Since only 10% of the occupants used show-

erheads, a sample of 10 occupants was considered for this cat-

egory. 

The Figure 4 below presents a visualization of the shower-

ing patterns, as summarized in the table above. 

 
Figure 4. Showering water usage patterns at MMU EH. 

From the graph, the minimum amount of water used was 

20 liters, while the maximum was approximately 34 liters. 

Unlike bathtub users, the bathing patterns of occupants using 

showerheads were highly variable. This variation can be at-

tributed to the absence of a standardized measuring system 

(such as a bucket or bathtub), leading to inconsistent water 

usage. 

The average water consumption for occupants using show-

erheads was estimated at 27.5 liters per person per bath. 

 

 

4.2.3. Water Usage Using Buckets 

For occupants using buckets, a sample of 10 students was 

selected. Within this group, some used basins while others 

used buckets. Typically, water was heated using electric ket-

tles or water jugs and then transferred into the bucket or basin 

for bathing. 

This method was used by approximately 30% of the occu-

pants. 

Figure 5 below was used to analyze and visualize the data 

presented in the table above. 
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Figure 5. Water usage patterns for occupants using buckets. 

From the data, it was observed that occupants using buckets 

exhibited relatively consistent water usage patterns, with val-

ues ranging between 10 and 24 liters. The average water de-

mand for this category was 15.2 liters per person per bath. 

Considering all three categories of users bathtub users, 

showerhead users, and bucket users the overall average water 

consumption per occupant was determined to be 49.1 liters per 

bath. The next step involved determining the average number 

of baths taken per week. This information was collected by 

use of a Google Form survey, which received responses from 

120 occupants. Figure 6 below presents the distribution of re-

sponses regarding the number of baths taken per week. 

 
Figure 6. Number of Baths per Week per Occupant at MMU EH. 

From the data collected, the average number of baths per 

occupant per week was determined to be 6.725. 

The highest inlet water temperature was recorded at 2:00 

p.m. and was 22°C, while the lowest was observed in the 

morning at 14.8°C. The average inlet water temperature at 

MMU was therefore calculated to be 17.79°C. 

The total hot water demand at a target temperature of 40°C 

was computed as follows: 

(49.1 𝑥 328 𝑥 6.75)/7 = 15,529.6 liters per day 

The corresponding energy demand was then calculated us-

ing the relation Q = mcΔT. 

Q = 4186J/kg°C×15,529.6×22.21 = 1,441,736,551J 

This is equivalent to: 

400.48 kWh per day, or146,175.2 kWh per year 

4.3. Modeling Results 

4.3.1. Climate Data 

The climate data were obtained from NASA through the 

RETScreen Expert software. Figure 7 below presents the key 

climate parameters for MMU. 

It was established that MMU falls within a warm-humid cli-

mate zone. The average annual solar radiation is approxi-

mately 5.32 kWh/m2/day. The month of February experiences 

the highest solar radiation at about 6.6 kWh/m2/day, while 

July records the lowest at 3.75 kWh/m2/day. 

As a result, during the month of July, backup systems sup-

ply up to 74% of the total energy demand. In contrast, during 

months such as February, the entire energy demand is met by 

evacuated tube collectors (ETCs). 

https://www.sciencepg.com/journal/iecon


Innovation Economics https://www.sciencepg.com/journal/iecon 

 

103 

 

 
Figure 7. Climatica lConditions at MMU EH. 

4.3.2. ETC Parameters 

To ensure accurate simulation, the collector size and effi-

ciency were first determined. The ETC used in this study was 

a 300 L pressurized collector manufactured by Philips. 

From the user manual Fr (tau alpha) coefficient was 0.68 

while Fr UL coefficient was 1.33. The collector has a storage 

capacity of 300 L, corresponding to 75 L/m2 of storage. It has 

a gross area of 4.71 m2 and an aperture area of 3.157 m2. Based 

on software recommendations, miscellaneous losses were as-

sumed to be 2%. 

Figure 8 below presents the simulation recommendations 

after inputting the above parameters. 
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Figure 8. RETScreen Recommendations for the Designed SWH System at EH. 

From the data, the recommended solar fraction was 64.8%, 

corresponding to a system configuration of 21 evacuated tube 

collectors (ETCs). 

4.3.3. Impact of Tilt Angle 

To optimize the performance of the collectors, the tilt angle 

was varied from 0° to 100°. In addition, the effect of solar 

tracking was evaluated by considering both single-axis and 

dual-axis tracking systems. 

Figure 9 below illustrates how the energy output of the 21 

ETCs varies with changes in the tilt angle. 

 

 
Figure 9. Effect of tilt angle on the performance of evacuated tube collectors (ETCs). 

From the graph, the highest energy output was achieved us-

ing dual-axis tracking, followed by single-axis tracking, and 

then a fixed tilt at 0°. However, the model recommended an 

optimal tilt angle of 15°. 

This recommendation aligns with the collector frame pro-

vided by the manufacturer. According to [15], although a 0° 

tilt angle at the equator can yield maximum solar radiation, 

other practical factors must be considered when determining 

the optimal tilt angle [14]. A slightly higher tilt angle, such as 

the recommended 15°, is advantageous as it allows for self-

cleaning of the collectors during rainy seasons. Additionally, 

it provides a more stable and robust support structure, enhanc-

ing the system’s resistance to wind and other physical stresses. 

4.3.4. Storage 

To determine the optimal hot water storage capacity for the 

system, the effect of varying storage capacities (expressed in 

liters per square meter) on collector output was simulated. Fig-

ure 10 below illustrates how different storage capacities influ-

ence the performance of the collectors. 
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Figure 10. Effect of Tilt Angle on the Performance of ETCs. 

The system without storage exhibited the highest energy 

output compared to systems with storage. This is due to the 

elimination of losses associated with storage [16]. Moreover, 

the absence of storage prevents increases in system tempera-

ture, which can inversely affect ETC efficiency [17]. 

Smaller storage systems showed very low output due to 

overheating, which increases system losses. As storage capac-

ity increased, output also increased gradually and proportion-

ally. Although larger storage systems, such as 300 L/m2, 

achieved very high output, the simulation recommended a 

storage capacity of 75 L/m2. Larger storage tanks would in-

crease costs, occupy more space, and the water stored might 

not reach the optimal temperature for bathing [17]. 

Therefore, the simulation optimized both cost and system 

reliability, resulting in the recommended 75 L/m2, which 

aligns with the manufacturer’s specifications. 

4.3.5. Impact of Number of Collectors on Solar 

Fraction 

It was expected that increasing the number of collectors 

would lead to a corresponding increase in solar fraction. How-

ever, the data in Figure 11 show variations from this expecta-

tion. Figure 11 illustrates how changes in the number of col-

lectors affect the solar fraction of the system. 

 
Figure 11. How Number of Collectors Affect the Solar Fraction. 

The solar fraction graph begins to plateau at around 30 col-

lectors, representing approximately 82.7%. Beyond this point, 

increasing the number of collectors does not produce a pro-

portional increase in solar fraction. 

However, the simulation recommended 21 collectors, cor-

responding to a solar fraction of 64.8%. This recommendation 

takes into account several factors  

1. Seasonal Variations: Complete reliance on solar energy 

is difficult due to seasonal fluctuations. Oversizing the 

system to meet energy demand during the cold season 

would result in wasted excess energy during the hot sea-

son [17]. 

2. Storage Limitations: Excess heat generated during sunny 

periods cannot always be stored for later use. Increasing 

storage capacity for every collector would raise both 

costs and space requirements. Therefore, the simulation 

optimized storage to meet only the daily energy demand 

[18]. 
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3. Economic Optimization: The recommendation of 21 col-

lectors balances the initial and maintenance costs with 

the cost of backup power. Attempting to achieve a 100% 

solar fraction would significantly increase costs, poten-

tially making the project economically unfeasible. 

4.3.6. Average Output per Collector 

ETCs can be connected in either series or parallel configu-

rations. For series connections, it was observed that increasing 

the number of collectors reduces the output per collector. This 

occurs because higher temperatures in downstream collectors 

decrease their efficiency, resulting in lower performance for 

collectors positioned later in the series [18]. 

While this effect is less pronounced in parallel connections, 

it is not entirely eliminated. Figure 12 below illustrates how 

increasing the number of collectors connected in parallel af-

fects the output of each collector, both in terms of kWh and 

liters of hot water produced per day. 

 
Figure 12. Output per Collector as Number of Collectors Increases. 

From the graph, increasing the number of installed collec-

tors reduces the output per collector, even in parallel connec-

tions. Several factors contribute to this effect: 

1. Increased Pipe Heat Losses: As the number of collectors 

increases, more piping is required to interconnect them, 

leading to greater heat losses through the pipes. 

2. Higher System Operating Temperatures: Increasing the 

number of collectors slightly raises the overall system 

temperature. Higher system temperatures reduce collec-

tor efficiency [19]. 

3. Heat Wastage on Peak Solar Days: During periods of 

high solar radiation, many collectors generate maximum 

power, but some energy is wasted due to limited storage 

capacity. In systems with fewer collectors, this wastage 

is minimized because the generated heat is insufficient 

to exceed daily energy demand [20]. 

4. Diminishing Returns: According to the economic princi-

ple of diminishing returns, when an input is increased 

against a fixed input, there comes a point where addi-

tional units produce a smaller impact. In this case, add-

ing more collectors leads to progressively smaller gains 

in solar energy output [21]. 

4.4. Comparison of Different Installations 

Cost estimates for different system configurations were de-

termined based on current Kenyan market prices. Table 1 be-

low presents the estimated costs of purchasing ETCs along 

with their respective tracking systems and the total initial in-

vestment required. 

Table 1. Cost of Purchase and Installing ETC. 

Item Unit Price (KES) Quantity Total Cost (KES) 

Evacuated tube collector 168,000 21 3,528,000 

Fixed ETC installation 15,000 21 315,000 

Single-axis installation 141,599 16 2,265,584 

Double-axis installation 270,199 16 4,323,184 
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From Table 1, it is clear that the initial cost of the system 

varies significantly depending on the type of collector instal-

lation. While the evacuated tube collectors themselves ac-

count for a major portion of the investment, adding tracking 

systems especially double-axis tracking substantially in-

creases the total cost. 

This highlights the importance of balancing collector per-

formance with economic feasibility, as higher-cost installa-

tions may provide greater energy output but could reduce the 

overall cost effectiveness of the system [21]. 

Other key values used in the economic analysis were ob-

tained from official government sources. Table 2 below sum-

marizes these values. 

Table 2. Key Economic Analysis Values. 

Parameter Value 

Discounting rate 10.75% 

Cost of electricity (SC1) KES 20.15 

Parameter Value 

Pipe insulation cost KES 500/m 

Treasury bond rate 13.48% 

Inflation rate 4.11% 

The values presented in Tables 1 and 2 were used to calcu-

late future income, the Net Present Value (NPV), the Internal 

Rate of Return (IRR), Profitability Index (PI), and static and 

dynamic amortization periods. The results are presented in the 

following graphs, which are aimed at identifying the optimal 

system configuration. 

4.4.1. Net Present Value (NPV) 

Simulation data were used to determine the outputs for dif-

ferent levels and types of ETC systems. These outputs, com-

bined with economic analysis tools were used to generate the 

graphs below. Figure 13 shows the Net Present Value for dif-

ferent ETC installation levels and configurations. 

 
Figure 13. NPV of Different Levels & Types of ETC Installations. 

From Figure 13, fixed ETC installations demonstrate sig-

nificantly higher Net Present Values (NPVs), which increase 

with the number of collectors. The optimal NPV occurs at ap-

proximately 29 collectors, after which returns slightly decline, 

likely due to system saturation or diminishing marginal re-

turns) [22]. Tracking systems, particularly two-axis trackers, 

exhibit low or even negative NPV, mainly due to their high 

capital and maintenance costs [23]. 

4.4.2. Amortization Time 

Both static and dynamic amortization times were calcu-

lated for the same set of ETC configurations to indicate 

how long it would take to recover the initial investment. 

Figure 14 shows that fixed systems outperform tracking 

systems, offering the shortest payback periods. Two-axis 

tracking systems are the least favorable, requiring longer to 

recover the investment and yielding poor NPV. Static 

amortization times are consistently lower than dynamic 

times, which account for the time value of money and cash 

flow delays. 
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Figure 14. Amortization Time. 

4.4.3. Profitability Index (PI) 

The Profitability Index (PI) measures the ratio of benefits to 

costs, indicating the financial attractiveness of a project. A higher 

PI indicates a more favorable return per unit of investment. Figure 

15 shows that the configuration with 11 fixed collectors achieves 

the highest PI, reflecting optimal returns at smaller system scales 

[24]. This trend aligns with the shortest amortization times ob-

served in Figure 14, confirming faster investment recovery. 

 
Figure 15. Profitability Index. 

4.4.4. Levelized Cost of Energy (LCOE) 

The LCOE compares the average cost of energy over a system’s lifetime, indicating cost effectiveness. Figure 16 shows that 

the 11 fixed ETC configuration achieves one of the lowest LCOE values, reinforcing its economic viability at smaller scales. 

 
Figure 16. LCOE of different ETC configurations. 
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Figure17 illustrates the net savings from different ETC in-

stallations at MMU. Annual savings increase with the number 

of collectors, reaching a maximum at the 31-collector config-

uration. However, this contrasts with RETScreen Expert’s 

recommendation of 21 collectors (approximately 64% solar 

fraction), which considers holistic economic factors such as 

capital cost, system utilization efficiency, and seasonal varia-

bility rather than annual savings alone. 

 
Figure 17. Net Savings of Different ETC Installations at MMU. 

4.5. Economic Analysis of Optimal Installation 

From Figures 14-16, systems with fewer fixed collectors 

particularly the 11 collector configuration demonstrate supe-

rior economic performance, including the highest PI, lowest 

LCOE, and shortest amortization time. While higher solar 

fractions theoretically reduce backup energy requirements, in-

creasing collector numbers does not linearly improve eco-

nomic returns, illustrating diminishing returns and potential 

oversizing [26]. 

A balanced analysis across amortization time, NPV, and 

LCOE indicates that a system with 21 fixed collectors (≈64% 

solar fraction) provides the most practical and economically 

optimal performance under the studied conditions. Table 3 

presents the detailed economic analysis for this configuration. 

Table 3. Results of Economic Analysis. 

Time (Years) 0 1 2 3 4 5 6 7 

ETC Purchase -3,528,000        

Installation Cost 315,000        

Maintenance Cost  315,000 315,000 315,000 315,000 315,000 315,000 315,000 

Fin -3,864,000 1,604,388 1,604,388 1,604,388 1,604,388 1,604,388 1,604,388 1,604,388 

PV Factor 1 0.903 0.815 0.736 0.665 0.600 0.542 0.489 

PV  1,448,762 1,307,576 1,180,830 1,066,918 962,632 869,578 784,546 

Payback Period (Static) -3,864,000 -2,259,612 -655,224 949,164 2,553,552 4,157,940 5,762,328 7,366,716 

Payback Period (Dy-

namic) 
-3,864,000 -2,415,238 -1,107,662 73,168 1,140,086 2,102,718 2,972,296 3,756,842 

Nominal Discount Rate    10.75%     

NPV    3,757,647.3     

IRR    24%     
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Time (Years) 0 1 2 3 4 5 6 7 

Amortization Time 

(Static) 
   2.4     

Amortization Time (Dy-

namic) 
   2.9     

Profitability Index    1.97     

 

From Table 3: 

1. The NPV of KES 3,757,647.3 (≈$29,083.96) is well 

above zero, indicating a profitable project within its eco-

nomic lifetime. 

2. The PI of 1.97 (>1) confirms the project’s financial via-

bility in Kenya. 

3. The IRR of 24% exceeds the discount rate of 10.75%, 

demonstrating strong expected annual returns [27]. 

4. Static and dynamic amortization times are 2.4 and 2.9 

years, respectively, much shorter than the system’s life-

time, indicating rapid investment recovery. 

4.6. Techno-Economic Analysis: Comparison 

with Other Water Heating Methods 

To compare different water heating methods, current data 

from Kenya were applied. Table 4 summarizes the fuel rates 

and efficiencies of alternative systems [24]. 

Table 4. Fuel Rates and Key Parameters for Water Heating Methods. 

Heat Source Size Rate Cost per Rate Capacity Factor Key Values Efficiency (%) 

LPG 80 kW 12.7 kWh/kg 256/kg 0.6 – 92 

Biomass 60 kW 3.2 kWh/kg 20/kg 0.8 – 85 

Heat Pump 4–6 kW 20.15 kWh 20.15 0.8 SCOP 3.5 350 

Electricity 80 kW 20.15 kWh 20.15 0.6 – 96 

From these rates, running costs were estimated, and as shown in Table 5 presents LCOE calculations over 7 and 15 year 

periods, including installation and maintenance costs [25]. 

Table 5. Inputs for calculating LCOE for different WH methods in Kenya. 

Heat 

Source 

Initial Invest-

ment (KES) 

Maintenance 

Cost/Year 

Operating/Fuel 

Cost/Year 
Energy Generated/Year LCOE (7 yrs) LCOE (15 yrs) 

ETC 5,544,000 495,000 0 129,860 12.80 9.67 

LPG 1,800,000 50,000 2,516,600 147,019 20.03 19.14 

Biomass 1,400,000 28,000 1,080,000 148,920 9.42 8.73 

Heat Pump 1,560,000 124,800 846,401 168,192 7.73 7.05 

Electricity 700,000 560,000 3,118,742 147,019 26.02 25.68 
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Figure 18. LCOE for water heating systems. 

From Figure 18, heat pumps exhibit the lowest Levelized 

Cost of Energy (LCOE) over both 7- and 15-year periods, in-

dicating high energy efficiency and low operating costs de-

spite relatively high initial capital investment. This is at-

tributed to their ability to produce approximately 3–4 kWh of 

heat for every 1 kWh of electricity consumed. 

Biomass emerges as the second most cost-effective option 

in Kenya, consistent with its widespread use, particularly 

among rural households. However, its application is associ-

ated with significant environmental concerns, such as defor-

estation and emissions, as well as health risks arising from in-

door air pollution. 

Evacuated Tube Collectors (ETCs) require high upfront in-

vestment but demonstrate a substantial reduction in LCOE 

over a 15-year lifespan, highlighting strong long-term viabil-

ity. Their advantages include zero fuel costs and relatively low 

maintenance requirements. Nevertheless, the high initial cost 

may limit their adoption among low-income households and 

financially constrained institutions. In contrast, LPG and elec-

tric water heating systems exhibit the highest LCOE values 

across both time horizons, primarily due to their high operat-

ing costs. 

5. Conclusion and Recommendations 

5.1. Conclusion 

The analysis indicates that fixed ETC systems, particularly 

those with 21 to 31 collectors, provide the best balance be-

tween energy output and economic performance. While in-

creasing the number of collectors enhances annual energy sav-

ings, it may reduce overall economic efficiency due to system 

oversizing and seasonal variability. 

When compared to other water heating technologies, heat 

pumps demonstrate the lowest LCOE, followed by biomass 

systems, which, despite their cost-effectiveness, pose environ-

mental and health challenges. ETC systems show strong long-

term potential due to zero fuel costs and low maintenance, alt-

hough their high initial investment remains a limitation. LPG 

and electric water heaters are the least cost-effective options 

due to their high recurring energy costs. 

5.2. Recommendations 

1. Extend the analysis period beyond 7 years to better cap-

ture long-term economic performance. 

2. Investigate alternative technologies such as flat-plate 

collectors and hybrid systems to enhance system effi-

ciency and cost-effectiveness. 

3. Analyze the impact of seasonal demand variations and 

solar resource fluctuations on system sizing and perfor-

mance. 

4. Explore advanced control strategies to improve opera-

tional efficiency and maximize cost savings. 

Abbreviations 

CO2 Carbon (IV) Oxide 

Kg Kilogram 

Km Kilometre 

L Litter 

ETC Evacuated Tube Collector 
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HWD Hot Water Demand 

IEWH Instant Electric Water Heater 

MMU Multimedia University 

WHS Water Heating System 

Acknowledgments 

The authors are grateful to MMU EH manager and MMU 

estate manager for providing data and Multimedia University 

of Kenya Renewable Energy Research Consortium (MMU-

RERC) for technical advice. 

https://www.sciencepg.com/journal/iecon


Innovation Economics https://www.sciencepg.com/journal/iecon 

 

112 

Author Contributions 

Solomon Namaswa: Formal analysis, Data curation, Visu-

alization, Supervision, Writing – review & editing 

Harrison Mutuma Muchee: Conceptualization, Investiga-

tion, Methodology, Validation, Writing – original draft 

David Wafula Wekesa: Data curation, Project administra-

tion, Supervision, Writing – review & editing 

Conflicts of Interest 

Authors declare no conflict of interest. 

References 

[1] Leiria, D., Schaffer, M., Johra, H., Marszal-Pomianowska, A., 

& Pomianowski, M. Z. (2023). Estimating residential space 

heating and domestic hot water from truncated smart heat data. 

Journal of Physics: Conference Series, 2600(2), 022017.  

https://doi.org/10.1088/1742-6596/2600/2/022017 

[2] González-Torres, M., Pérez-Lombard, L., Coronel, J. F., Maes-

tre, I. R., & Yan, D. (2022). A review on building energy infor-

mation: Trends, end-uses, fuels, and drivers. Energy Reports, 

8, 626–637. https://doi.org/10.1016/j.egyr.2021.11.280 

[3] Ghaboulian-Zare, S., Hafezi, R., Alipour, M., Parsaei Tabar, R., 

& Stewart, R. A. (2021). Residential solar water heater adop-

tion behaviour: A review of economic and technical predictors. 

Energies, 14(20), 6630. https://doi.org/10.3390/en14206630 

[4] Malakar, S., Arora, V. K., Nema, P. K., & Yadav, V. (2024). 

Recent trends and applications of evacuated tube solar collec-

tors in food processing and air heating: A review. Environmen-

tal Science and Pollution Research, 31(12), 18119–18142.  

https://doi.org/10.1007/s11356-023-31037-4 

[5] Singh, S., Anand, A., Shukla, A., & Sharma, A. (2020). Tech-

nical, financial, and environmental feasibility of solar water 

heater systems for residential, commercial, and industrial ap-

plications. Materials Science for Energy Technologies, 3, 648–

671. https://doi.org/10.1016/j.mset.2020.06.002 

[6] Kumar, A., Said, Z., & Bellos, E. (2021). An up-to-date review 

on evacuated tube solar collectors. Journal of Thermal Analysis 

and Calorimetry, 145(6), 2873–2889.  

https://doi.org/10.1007/s10973-020-09753-9 

[7] Sabiha, M. A., Saidur, R., Mekhilef, S., & Mahian, O. (2015). 

Progress and latest developments of evacuated tube solar col-

lectors. Renewable and Sustainable Energy Reviews, 51, 1038–

1054. https://doi.org/10.1016/j.rser.2015.07.031 

[8] Alarnaout, G. A., Navarro-Esbrí, J., & Mota-Babiloni, A. 

(2024). Operational, economic, and carbon footprint feasibility 

of a moderately high-temperature heat pump as an alternative 

to conventional boilers. Energy Conversion and Management, 

309, 118424. https://doi.org/10.1016/j.enconman.2024.118424 

[9] Gudeta, M. S., Atnaw, S. M., Shibeshi, M., & Gardie, E. (2022). 

Performance analysis of a solar water heater system with heat 

pipe evacuated tube collectors. Case Studies in Thermal Engi-

neering, 36, 102211.  

https://doi.org/10.1016/j.csite.2022.102211 

[10] Obileke, K., & Mukumba, P. (2025). Techno-economic evalu-

ation of wind and bio-energy systems for sustainable develop-

ment: A systematic review. Energy Science & Engineering. 

Advance online publication. https://doi.org/10.1002/ese3 

[11] Energy and Petroleum Regulatory Authority. (2025a). Bi-an-

nual energy and petroleum statistics report: July–December 

2024. Government of Kenya. 

[12] Sayed, K., Khamies, M., Abokhalil, A. G., Aref, M., Mossa, M. 

A., Almalki, M. M., & Alghamdi, T. A. (2024). Feasibility 

study and economic analysis of PV/wind-powered hydrogen 

production plant. IEEE Access, 12, 1–15.  

https://doi.org/10.1109/ACCESS.2024 

[13] Singh, S. (2024). Technical and financial feasibility study of 

solar water heating systems (Doctoral dissertation, Rajiv Gan-

dhi Institute of Petroleum Technology). 

[14] Dabra, V., Yadav, L., & Yadav, A. (2013). Effect of tilt angle 

on the performance of evacuated tube solar collectors. Interna-

tional Journal of Engineering, Science and Technology, 5(4), 

100–110. https://doi.org/10.4314/ijest.v5i4.11 

[15] Aggarwal, S., Kumar, R., Lee, D., Kumar, S., & Singh, T. 

(2023). A comprehensive review of techniques for increasing 

the efficiency of evacuated tube solar collectors. Heliyon, 9(4), 

e15215. https://doi.org/10.1016/j.heliyon.2023.e15215 

[16] Sadeghi, G., Pisello, A. L., Safarzadeh, H., Poorhossein, M., & 

Jowzi, M. (2020). Effect of storage tank type on the perfor-

mance of evacuated tube solar collectors. Energy, 198, 117331. 

https://doi.org/10.1016/j.energy.2020.117331 

[17] Sasikumar, S. B., Santhanam, H., Noor, M. M., Devasenan, M., 

& Ali, H. M. (2025). Experimental investigation of parallel-

type evacuated tube solar collectors using nanofluids. Energy 

Sources, Part A: Recovery, Utilization, and Environmental Ef-

fects, 47(1), 1341–1353.  

https://doi.org/10.1080/15567036.2023 

[18] Mugabi, J., Aigbavboa, C. O., & Thwala, W. D. (2018). Eco-

nomic feasibility of solar water heating systems in Kenya: 

Cost–benefit analysis. International Journal of Built Environ-

ment and Asset Management, 2(1), 1–14. 

[19] Theis, S., Herrmann, C., & Aichele, T. (2017). Economic anal-

ysis of evacuated tube and flat plate solar collectors for domes-

tic hot water production. Energy and Buildings, 150, 71–80.  

https://doi.org/10.1016/j.enbuild.2017.05.080 

[20] Jones, N., Lewis, J., & Aitken, P. (2021). Economic viability 

of evacuated tube solar collectors in the United Kingdom. Re-

newable Energy, 165, 583–592.  

https://doi.org/10.1016/j.renene.2020.11.051 

[21] Zhang, W., Duan, L., Wang, J., Ba, X., Zhang, Z., & Tian, R. 

(2022). Influences of tracking and installation errors on the op-

tical performance of a parabolic trough collector with heat pipe 

evacuated tubes. Sustainable Energy Technologies and Assess-

ments, 50, 101721. https://doi.org/10.1016/j.seta.2021.101721 

https://www.sciencepg.com/journal/iecon


Innovation Economics https://www.sciencepg.com/journal/iecon 

 

113 

[22] Njeru, E. M., Musonye, F. S., & Wekesa, D. (n.d.). Modeling, 

simulation and techno-economic analysis of electrical steam 

boilers in manufacturing industries in Kenya. SSRN Electronic 

Journal. https://doi.org/10.2139/ssrn 

[23] Etcheverry, J. (2021). Assessing the cost feasibility of solar 

projects in Canada using RETScreen Expert software. (Report). 

[24] Tao, J. Y., & Finenko, A. (2016). Moving beyond LCOE: Im-

pact of various financing methods on PV profitability for small 

island developing states. Energy Policy, 98, 749–758.  

https://doi.org/10.1016/j.enpol.2016.09.011 

[25] Lekombo, C. S., N’Tsoukpoe, K. E., Bahamonde, C. F., Dudita, 

M., Ko, G. K., & Agbokou, K. S. (2024). In situ performance 

evaluation of a solar water heating system for a hospital laun-

dry in the Sahel. Energy for Sustainable Development, 81, 

101499. https://doi.org/10.1016/j.esd.2024.101499 

[26] Singh, H., Yadav, A., & Singh, R. (2017). Economic analysis 

of solar water heating systems for residential applications in 

India. Renewable and Sustainable Energy Reviews, 79, 1011–

1020. https://doi.org/10.1016/j.rser.2017.05.126 

[27] Mugabi, T., Aigbavboa, C., & Thwala, W. (2018). Economic 

feasibility of solar water heating systems in residential build-

ings in Kenya. Energy Procedia, 153, 146–151.  

https://doi.org/10.1016/j.egypro.2018.10.061 

[28] Ertekin, C., Kulcu, R., & Evrendilek, F. (2020). Techno-eco-

nomic evaluation of solar water heating systems in different 

climatic regions of Turkey. Renewable Energy, 145, 1290–

1300. https://doi.org/10.1016/j.renene.2019.06.094 

 

 

https://www.sciencepg.com/journal/iecon

