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A B S T R A C T   

Manufacturing is an end-use sector that uses the most delivered energy, accounting for around 
50% of all transported fuel globally and 40% of carbon dioxide emissions worldwide. Solar 
photovoltaic-thermal (PVT) energy can substitute the transported energy to meet thermal and 
electrical energy requirements, mitigating high energy costs and climatic problems. This research 
aimed to develop, simulate, and evaluate the capabilities of a solar photovoltaic-thermal system 
for potential use in Kenya’s manufacturing sector. A multistage cluster sampling technique was 
used in the study to characterize the manufacturing industry. Additionally, a PVT system was 
simulated using MATLAB Simulink to ascertain the relationship of temperature and the PV 
electrical efficiency. The impact of incorporating a thermal collector into the PV system on 
electrical, thermal, and overall system efficiency, and also the system’s potential for use in 
thermal processes in manufacturing, were assessed. From the characterization results, the agro- 
processing sector dominates with 35% representation, and the small-scale thermal energy cate-
gory dominates at 80%. The simulation findings show that a small temperature increase leads to a 
small increment in short circuit current but a significant decline in open circuit voltage. As a 
consequence, the maximum power (Pmax) of the PV decreases, lowering its electrical efficiency. 
However, the integration of PV with thermal collector improved the electrical, thermal, and the 
entire system efficiencies by, 16.01%, 20%, and 36.13%, respectively. More than 75% of the 
electrical and thermal energy processes fall in the small energy category. Hence, the PVT system 
is suitable for small-scale low-to-medium heat thermal energy categories or as a substitute system 
for higher temperature processes to raise feed water temperatures and reduction of thermal en-
ergy cost. This study gives a new approach of the application of PVT system for thermal industrial 
applications.   

1. Introduction 

Environmental and/or climate protection, as well as securing dependable, affordable, and sustainable energy supply, continue to be 
major worldwide concerns of the twenty-first century [1]. SDG 7, which is critical to achieving the sustainable development agenda’s 
goals of eradicating poverty, safeguarding the planet, and enhancing people’s lives and prospects, is spearheaded by renewable energy 
technologies like solar thermal, solar photovoltaic (PV), and wind energy. Solar PV have been widely utilized to generate electricity 
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directly for a variety of purposes as well as integration into a wide range of industries, including hydrogen production, built-in en-
vironments, and transportation, among others [2,3]. Due to increased energy demand for cooling caused by global warming, the 
industrial sector is currently experiencing a rapid rise in thermal energy challenges to satisfy the thermal process energy demand as a 
result of competition for limited energy. Utilizing renewable energy, particularly photovoltaic-thermal (PVT) technology, can help to 
solve this problem [4]. A hybrid of a Photovoltaic cell and thermal collector can efficiently and affordably produce heat and electricity. 
Due to significant reflection or conversion of incident sunlight into deleterious thermal energy, only 5% to 25% of solar radiation can 
be transformed into electricity using PV technology. The PV cell’s output power decreases as PV cell’s temperature rises. The thermal 
component of the hybrid system boosts the system’s overall efficiency since it works as a heat sink for the photovoltaic cells, cooling 
them. PVT technology has a number of intriguing residential and industrial applications. However, a number of barriers, including 
those in the economy, politics, law, and technology, are impeding the development of this technology. The inconsistency between the 
supply and demand of both heat and electricity has also hindered advancement [5]. Therefore, for the PVT technology to be adopted by 
major commercial markets, concerted efforts from all the main stakeholders is required [6]. The PVT technology is economically viable 
in industrial applications where low to high load temperatures and process heat are required [7]. 

Surprisingly, manufacturing processes consume more than half of total global heat demand [8]. Fossil fuels dominate in the supply 
of heat with little substitution from biomass and other renewables. Regardless of location, solar thermal systems offer a great potential 
for meeting industrial process thermal energy demand; nevertheless, due to the aforementioned limitations, adoption is rather limited 
[9]. Various initiatives to decarbonize the production of industrial thermal energy have been made, such as carbon capture and 
sequestration (CCS), electrification of industrial heat operations, and the utilization of hydrogen and biomass. The economic viability 
of these technologies is one of the main obstacles [10]. According to SE4ALL, (2015), industries requiring thermal energy are 
reportedly converting to biomass as a result of the rising cost of fuel oil. For instance, with an average annual use of 10,900 m3 of 
woodfuel, or roughly 550,000 tons of woodfuel, the tea and the cottage sectors in Kenya are some of the greatest users of this fuel. Most 
of the woodfuel is sourced from forests and it is not sustainable because of the ever-increasing thermal energy demand exposing forests 
to deforestation and environmental degradation. This is replicated in various other parts of the world. 

Despite the potential for industrial thermal energy supply offered by PVT technology, much research focus has been placed on 
small-scale integrated thermal systems for space cooling, heating and hot water supply [11–13,13,14], and research has been 
concentrated in other regions, particularly Asian countries [15–19]. There has been little research on industrial thermal heat appli-
cations and tropical African climatic conditions, Kenya among them. 

That said, Kenya has an exceptional location close to the equator, and just like other tropical nations, it has a great solar energy 
resource potential. The nation enjoys year-round, good solar isolation with 4–6 kWh/m2/day of moderate to high solar radiation. It 
receives 5 peak sun hours on average. The nation’s overall yearly solar energy output falls between 1750 kWh and 1900 kWh for the 
majority of the land and varies from 700 kWh in hilly areas to 2650 kWh in dry and semi-arid areas [20]. However, just a portion of this 
abundant resource has been utilized thus far, mostly for lighting, heating, drying, and producing electricity [21]. Kenya’s 
manufacturing industry is one of the country’s largest most significant energy consumers [22]. According to Ref. [23], the Kenyan 
manufacturing sector had the highest share of energy consumption at 50.16% by 2019 with the industries of concern being phar-
maceuticals, chemicals, plastics, food, clothing, and apparel. Most of the manufacturing activities are concentrated in urban com-
mercial centers and/or city areas like Nairobi, Mombasa, Thika, and Kisumu, among others. Thermal and electrical energy from 
diverse sources such as woodfuel, oil, and electricity are used in these processes. Some of these energy sources are unsustainable 
threatening the operations of most companies and the livelihoods of many employees. The primary concern is to improve efficiency 
and resource management through various strategies, one of which is to incorporate renewable energy as a viable alternative energy 
source [24,25]. 

One initiative that can address the high energy costs and climate change is to consider the use of solar energy technologies, both 
thermal and electrical, as a replacement for conventional energies. Both technologies have symbiotic drawbacks that can be mitigated 
through a hybrid system that integrates the two. High cell temperatures, for example, have a substantial impact on the functioning of 
PV systems in hot areas [26] and roof area constraints the size of the system [27–30]. Other factors include wind energy, soiling, 
shading, and geographic position [31,32]. Most of the Kenyan industries lie in hot areas and PV market segment for roof top system is 
domineered by commercial and industrial consumers [33,34]. This provides significant potential for combined solar PVT hybrid 
system technology in the manufacturing sector to mitigate low efficiency caused by high temperatures and area constraints, as well as 
improve manufacturing industries’ competitive advantage. 

The fluids that are widely utilized to cool PV cells in a PVT module are air, water, and refrigerant [35]. Other examples include 
phase materials and nanofluids [36,37]. The working fluid is selected based on the process temperature, which ranges from low to 
medium to high. Water can be used across all systems because of its thermal properties, such as its high specific heat capacity, high 
melting point, and high boiling point [38]. The primary benefit of water-based PV/Ts is for hot water demands [39]. There have been 
several experimental and theoretical research studies done on these two varieties of hybrid PVT systems in the past [40]. Different 
researchers focused on various aspects of the system elements to realize improved efficiency and lower the costs of the overall system. 
An experimental study by Ref. [41] reveal that improvement of PVT collector optical attributes improved the PVT collector’s overall 
efficiency by above 87%, with a thermal and electrical efficiency of 79% and 8.7%, correspondingly. Also, an experimental test un-
dertaken by Ref. [42] to collate a PVT module’s performance with a conventional PV, and the findings revealed that the inclusion of the 
thermal system increased the electrical efficiency of the PV module. The findings of the experiments also revealed that the thermal 
performances of PVT hybrid were superior to those of the conventional PV module and were roughly in line with those predicted 
theoretically. According to research by Ref. [43] who modeled and assessed the potency of an exposed PVT water collector, the overall 
PVT efficiency was 42% which is an improvement from 13.2% of PV. In a numerical modeling study of an exposed nanofluid sheet and 
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tube type PVT system [44], discovered that the utilization of pure water as a base fluid led to better outcomes than using other 
nanofluids. To mediate non-uniform temperature distribution in a hybrid photovoltaic (PV) thermoelectric generator (TEG) power 
generation system [45] examined thermal interface materials. The study, which examined the usage of three thermal interface ma-
terials in both water- and air-cooled conditions, used aluminum honeycomb cooling panels as the cooling contact material. The study 
revealed that employing thermal interface materials significantly reduced temperature mismatch. A PVT with combined water and air 
for heating was evaluated experimentally by Ref. [46] in a controlled indoor environment. The study’s assumptions included an 
airflow rate of 0.05 kg/s, a water flow rate of 0.02 kg/s, and a radiation dose of 800 W/m2. The system’s thermal and electrical ef-
ficiency were 76% and 17%, correspondingly. Other research on cooling fluid [47,48] investigated a Nanofluid combined with phase 
change material and PVT with air as a cooling fluid, respectively. All these configurations showed a considerable improvement in 
electrical efficiency. 

Among the various studies reviewed, several researchers have too used different softwares in the simulation of PVT systems. 
TRNSYS has been used in several studies for the simulation of domestic hot water and electricity [49–51]. Their findings showed that 
the combination of PV and thermal systems produced more electrical and exergy output than independent PV systems. Similar sim-
ulations in the MATLAB-Simulink environment have also been performed, with the results demonstrating increased electrical effi-
ciency [52,53]. 

Following on from previous research that focused on aspects of the PVT system and domestic water application for other climates, 
this research focused on modeling, simulation, and performance assessment of a PVT system for industrial heat application for a 
tropical climate like Kenya while keeping the rooftop area constraint in mind and water as the working fluid. This was also informed by 
the detailed categorization of thermal processes in the Kenyan manufacturing sector that would be most useful for low and high 
temperature heat generated by the PVT systems. 

2. Solution procedures 

2.1. Characterization of the Kenyan manufacturing sector 

Kenya’s location close to the equator, pleasant tropical climate, and averagely high daily sunshine hours make it a country with 
optimal solar energy potential of 4–6 kWh/m2/day. Given the lack of a comprehensive database on consumption of energy in the 
manufacturing sector, specifically thermal energy demand, the study intended to assess and characterize the thermal heat processes in 

Fig. 1. Multistage cluster sampling procedures.  
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the entire manufacturing sector in Kenya based on all registered entities by the regulator. The national Energy and Petroleum Reg-
ulatory Authority (EPRA) provided the data for 102 registered companies that had filed Energy Audits reports for the previous year 
with the Authority. The study employed a multi-stage cluster sampling strategy, with the manufacturing sector serving as the pop-
ulation of interest for data analysis. Fig. 1 depicts the steps of cluster sampling, which included; the first stage –overall audited 
subsector categories, the second stage -energy processes, and the third stage -energy categorization based on the given thermal and 
electrical consumption metrics. More analysis was done using sigma plot version 14 as the statistical analysis tool to bring out the 
meaning of the data. Descriptive and regression data analysis were carried out to make inferences of the analyzed data. 

2.2. Photovoltaic-thermal collector system 

A PV module that absorbs incident solar irradiation is an element of the PVT system, and it is integrated with a thermal collector at 
the rear to absorb heat arising from transmitted (non-absorbed) radiation through the PV. An inlet flow of cold water is circulated by a 
solar-powered pump to cool the PV cells continuously. The thermal collector under study is a parallel flow flat plate type, and the 
absorbed heat is then locked up in a thermal storage tank for hot water application. The solar pump and thermostat are powered by 
part of the electricity produced by the system, while the remaining amount is used for other electrical applications. The system layout 
is depicted schematically in Fig. 2. 

2.3. Numerical model for the PVT system 

In simulating the dynamics of the PV panel, thermal collector, piping system, water demand, and storage tank, a set of differential 
equations were used to represent the PVT system. An aluminium frame, toughened cover glass, an encapsulation-polymer rear back 
sheet, a junction box with diodes and connectors, and solar PV cells make up the PV panel. From Fig. 3, the PV cells are made up of a 
current source and a diode connected in parallel. The output current, shunt current, diode reverse saturation current, reverse satu-
ration current, and photocurrent of the PV cells were all modeled using equation 1 through 5 [54–56]. 

I = Iph − IO

[[

exp
(

q(V + I ∗ RS)

n ∗ K ∗ Ns ∗ T

)

− 1
]

− Ish (1)  

ISh =
V + I × Rs

Rsh
(2)  

Irs =
Isc

e(
q×Voc

n×Ns×K×T)− 1
(3)  

Io = Irs ×

(
T
Tn

)3

× exp

⎡

⎢
⎢
⎣

q × Ego ×
(

1
/Tn−

1
/T

)

n × K

⎤

⎥
⎥
⎦ (4)  

Iph = [Isc + ki ×(T − 298)] ×
G

1000
(5)  

Where I is the PV current output, Iph is the photo-current of the module, IO is saturation current for each module, Irs is reverse 

Fig. 2. Solar photovoltaic-thermal system Layout.  
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saturation current, Ish is the current through the shunt resistor, V is the module’s terminal voltage, Voc is the open circuit voltage, RS is 
the diode series resistance for each module, RSh is the diode shunt resistance for each module, q is the electric charge, K is the 
Boltzmann constant, and n is the ideality factor of the diode for the module. T is PV cell temperature, Tn is the nominal temperature, 
Ego is the bandwidth of the semiconductor, G is solar radiation, ki is the short circuit current of a cell at 25 ◦C and 1000 W/m2, and Ns 
is the number of series-connected cells. 

To capture the heat produced by the PV panel, a collector absorber is positioned underneath it. Optical and energetic models were 
utilized to describe the thermal collector for the flat plate collector. The optimal efficiency is expressed as given in equation (6) for the 
optical absorption of solar radiation by the absorber, which depends on the solar incidence angle [57]. 

ηopt =

[

1 − γ
(

1
cos θ

− 1
)]

(6)  

Where ηopt is the optimal efficiency and γ experimental incidence angle modifier coefficient. 
The energetic model using a one-dimensional model provides an acceptable precision in comparison with complex models [6]. 

Given its affordability and ability to achieve the highest thermal efficiency and optimal fluid temperatures, the sheet-and-tube 
arrangement is considered as highly potential in this modeling work [58]. In accordance with this theory, a unidimensional tran-
sient model was created by implementing energy conservation in each collector component. The model utilizes the analytic solution of 
the first order differential energy balance equation for the PVT collector, with the purpose to estimate heat transfer for the glass cover, 
PV module, absorber fin, absorber connection to the circulation tube, and fluid in the tubes, as shown in equations (7)–(11). The 

Fig. 3. A Schematic of PV cell circuit.  

Fig. 4. Sheet-and-tube PVT collector. 

m1Cp1
dT1

dt
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)
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+ C33

(
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dT4
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(
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)
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m5Cp5
dT5

dt
=C51(T4 − T5) + C42(T4 − T5) (11)    
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position of temperatures Ti are shown in Fig. 4.where m represents mass, Cp is the specific heat capacity, T is temperature, ηe is 
electrical efficiency. 

T5 shows the fluid medium’s temperature as calculated in equation (12); 

T5 =
Tout + Tin

2
(12) 

The calculations are simplified using the constants Cij and Ki, which are non-temperature related attributes derived from the 
geometrical values of the collector, optical characteristics, and heat transfer coefficients. The PVT module’s electrical and thermal 
efficiency are calculated by Equations (13) and (14), respectively. 

ηe = ηcelτg (13)  

Table 1 
Specifications of the model input parameters.  

Parameter Value 

Load Resistance (ohm) 4.5 
PVT properties 
Glass cover, PV cells, back cover initial temperature [K] 298.15 
Area of a PV cell (m2) 0.02755 
Number of cells 72 
Refractive index ratio glass/air 1.52 
Absorption coefficient of glass per unit length 0.3 
Glass cover thickness [m] 0.003 
Reflection factor of PV cell (85% is absorbed) 0.15 
Glass cover mass [kg] 4 
PV cell mass [kg] 0.2 
Heat exchanger mass of [kg] 15 
Back cover mass [kg] 5 
Glass Specific heat [J/kg/K] 840 
PV cell Specific heat [J/kg/K] 700 
Heat of heat exchanger Specific heat [J/kg/K](copper) 387 
Back cover Specific heat [J/kg/K] 400 
Glass Emissivity 0.89 
PV cell Emissivity 0.75 
Free convection coefficient between glass and ambient air [W/m2/K] 10 
Free convection coefficient between back cover and ambient air [W/m2/K] 10 
Heat exchanger thermal conductivity [W/m/K] 386 
Heat exchanger thickness [m] 0.04 
Insulation layer thermal conductivity [W/m/K] 0.1 
Insulation layer thickness of [m] 0.03 
Short-circuit current, Isc [A] 8.89 
Open-circuit voltage, Voc [V] 45 
Diode saturation current, Is [A] 1e-6 
Diode saturation current, Is2 [A] 0 
Solar-generated current for measurements, Iph [A] 8.89 
Reference irradiance, Ir [W/m^2] 1000 
Diode ideality factor 1.5 
Series resistance, Rs [Ohm] 0.221 
Energy gap, EG [eV] 1.1 
Measurement temperature [◦C] 25 
Pipe and tank parameters 
Pipe length (m) 4 
Cross sectional area (m2) 0.00005 
Hydraulic diameter (m) 0.03 
Internal surface absolute roughness [m] 15e-6 
upper Reynolds number limit for laminar flow 2500 
Lower Reynolds number limit for turbulent flow 3900 
Nusselt number for laminar flow heat transfer 3.66 
Maximum tank capacity [m3] 0.5 
Tank cross-sectional area [m2] 0.6 
Initial Tank capacity [m3] 0.1 
Initial tank temperature [K] 295.15 
Insulating layer thickness [m] 0.05 
Insulation layer thermal conductivity of [W/m/K] 0.1 
Free convection coefficient between tank and ambient air [W/m2/K] 10 
Internal circuit mass flow rate [kg/s] 0.02 
Consumption mass flow rate (to the sink) [kg/s] 0.005 
Source mass flow rate (from the source) [kg/s] 0.005  
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ηt =
mCp

(
Tfout − Tfin

)

G
(14)  

Where ηce is the photovoltaic cells efficiency, ηt is the thermal efficiency, τg is the transmittance of the glass cover, Tfout is the tem-
perature of the fluid in, and Tfin is the temperature of the fluid out. Thermal storage tank with constant pressurization and variable fluid 
volume is used in the model. Heat transfer takes place by means of convection when liquid flows into or out of the enclosure, and 
conduction when thermal energy passes through the liquid at the tank’s inlets and the tank’s wall. The total fluid mass at each time step 
is used to calculate the tank’s fluid volume as shown in equation (15). 

V =
m
ρ (15) 

Equations (16) to 18) illustrate how the conservation equation is used to model the balance of mass, momentum, and energy. 

ṁ= ṁA (16)  

ρA = ρdyn = ρPRef + ρ(y − yA) (17)  

m
(
Cp − hβ

)
T =ΦA − ṁAh + Q (18)  

Where ̇m net mass flow rate into the tank, ̇mA is the mass flow rate into the tank fluid volume through the inlet is ρA Liquid density at 
inlet, y is the tank level, or height, relative to the tank bottom, yA is the tank inlet elevation relative to the tank bottom β is the Fluid 
isobaric bulk modulus, ΦA is the energy flow rate into the tank through inlet, h Fluid enthalpy and Q is the thermal energy flow rate 
into the tank through output port. The pump is modeled using The Controlled Mass Flow Rate Source (TL) and pipe flow dynamics from 
the Simscape fluids. The water demand, pump, and piping are modeled based on the user demand rate, source supply rate, and inner 
flow that propels convection in the pipe. The parameters used for modeling are shown in Table 1. 

2.4. Simulation procedures 

Utilizing the governing equations, MATLAB-Simulink simulation tool was applied in the simulation of the electrical power of the 
PVT system and heat cogeneration utilizing a hybrid PVT solar module. Irradiance was varied to demonstrate its impact on the system’s 
overall performance, solar cell temperature, and both electrical and thermal power. While the heat created was transmitted to the 
water for thermal energy consumption, the generated electricity was used to power the electrical load i.e. the pump and other ap-
plications. Simscape Fluids™ libraries provided component libraries to model and simulate the thermal portion of the panel. On the 
other hand, Simscape Electrical™ libraries provided component libraries for the electronic, mechatronic, and electrical power systems 
to evaluate the generation, conversion, transmission, and utilization of electrical power. The PV cells in the electrical portion of the 
network were simulated by a solar cell block, and a resistive load was simulated by a load sub-system. The heat transfer between the PV 
panel’s components, including the glass cover, PV cells, absorber, back cover, and surroundings, was simulated using a thermal 
network. The heat was transferred by radiation, convection, and conduction. The heat exchangers, tank, and pipe made up the thermal- 

Fig. 5. Simulation model layout.  
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liquid network. Simulink was utilized to help with system design, simulation, automatic code generation, and continuous testing and 
verification. The simulation was run during the time of solar insolation. Fig. 5 depicts the simulation used in this investigation. 

2.5. Model validation 

Model validation was performed for consistency testing with an experimental evaluation of a PVT system with similar charac-
teristics. The relationship of irradiance and water temperature for the simulation was validated against researches of [59–62]. The 
relationship of irradiance and solar cell temperature was validated against [61]. Additionally, the overall, thermal, and electrical 
efficiency of the system was compared with other authors’ systems. 

2.6. Assumptions 

During model setup and simulation procedures, several assumptions were made which included; quasi-steady state system, uniform 
temperature across each PVT lamina, negligible heat loss and pressure drop in the system, and a uniform wind speed surrounding the 
system. 

3. Results and discussion 

3.1. Characteristics of Kenya’s manufacturing sector 

3.1.1. Sector categories 
One hundred and two (102) audited facilities with both thermal and electrical systems, representing 11% of the facilities in Kenya’s 

manufacturing sector were examined. It is a requirement by the Kenyan government for facilities consuming more than 680 GJ of 
energy to conduct energy audit by licensed auditor every three years. According to Ref. [63], just 43% of the specified facilities’ entire 
population has had energy audits carried. According to the report, hurdles to low compliance include a lack of funding to conduct 
energy audits, competing budget interests with other activities at facilities, a limited number of licensed energy auditors, and a general 
lack of awareness of energy management systems. The 11% satisfied the require statistical sample size. The distribution of the sectors is 
presented in Fig. 6, with the agro-processing sector representing the highest number of audited facilities at 35.3% and the automotive 
sector with the lowest number of facilities at 1%. 

3.1.2. The electrical and thermal energy shares 
Electrical and thermal energy categorization was based on metrics obtained from Kenya association of manufacturers as indicated 

in Table 2. The energy consumption by various end use processes by sectors was categorized into small, medium and large energy 
consumers in the electrical and thermal sub-categories as illustrated in Fig. 7(a) and (b), respectively. The small sector category for 
both electrical and thermal were largely represented at 29.4% and 19.6%, respectively. Fig. 7(b) also shows the general categorization 
of the thermal energy sector where the small thermal energy categorization domineered the industry at 78.4%. The thermal energy 
categorization was of interest in the evaluation of the possible applications of the PVT technology in the manufacturing sector. 

3.1.3. Thermal energy category 
The thermal energy category is further studied to establish the most suitable application areas for the PVT. The agro-processing, 

service, food and beverage, and metal and allied were further studied and compared to the overall share of each category since 

Fig. 6. Audited manufacturing sector representation.  
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they domineered the small thermal energy category as shown in Fig. 8. The agro-processing sector dominated the small thermal energy 
category at 19.6% and the service sector at 18.62%. The agro-processing sector dominated the medium thermal energy category at 
7.8%, followed by metal and allied at 2.94%. The tea and floriculture industries dominated agro-processing. In the tea processing 
industry, thermal energy is required to generate steam at 180 ◦C. As a result, this system could be used to pre-heat water. Hot water is 
required in the floriculture sector for propagation and soil treatment at 18–30 ◦C and above 49 ◦C, respectively. Banks and hotels with 
hot temperature requirements above 40 ◦C dominated the service industry. 

3.1.4. thermal energy consumption categories 
Fig. 9(a), (b), and (c) depict the energy consumption of facilities in the small, medium, and large thermal energy categories, 

respectively. In the small thermal energy category, 63% of the facilities consumed less than 2,500 GJ of thermal energy, while 72.7% of 
the medium thermal energy category facilities consumed less than 90,000 GJ of thermal energy. Further to that, 72.7% of facilities in 
the large thermal energy category consumed less than 290,000 GJ of thermal energy. 

Table 2 
Energy Consumption Metrics as defined by EPRA.  

Category Electrical Energy Consumption Thermal Energy Consumption 

Lower Limit (GJ) Upper Limit (GJ) Lower Limit (GJ) Upper Limit (GJ) 

Small Consumers 0 15000 0 45000 
Medium Consumers 15000 45000 45000 135000 
Large Consumers 45000 No limit 135000 No limit  

Fig. 7. Energy categorization; (a) Electrical distribution and (b) Thermal distribution.  
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3.2. Irradiance and PV output characteristics 

Fig. 10 shows the simulation results for irradiance during solar insolation in a day. The highest simulated irradiance was at 1400 h, 
which was 1000 W/m2, and this was the time of the highest insolation. 

The I–V and P–V behavior of a 72 cell, 300 W PV module are shown in Fig. 11(a) and (b) at various temperatures. Although the 
open-circuit voltage significantly drops as the temperature rises, the short-circuit current rises marginally. Hence, the maximum power 
(Pmax) of the PV reduces, which lowers its electrical efficiency. The purpose of this experiment was to compare the actual curves to the 
simulated curves and ensure that the model was properly functioning. 

3.3. Validation Results 

The experimental data that was readily available was for irradiance and temperature. There is, however, a correlation between 
irradiance, solar cell temperature, and water temperature. Increased irradiance raises solar cell’s the temperature, which raises the 
temperature of the water. As a result, a regression analysis was performed to compare simulated and experimental data from other 
authors for irradiance against solar cell temperature and water temperature in order to investigate experimental system performance 
and validate the simulation. Despite other conditions that may affect system performance, such as weather, an increase in irradiance 
led to increases in solar cell temperature and water temperature. The regression analysis is shown in Fig. 12(a) and (b). Again, the data 
available only gave the average efficiencies for electrical, thermal and overall which were validated with the average simulated data. 
The system’s average electrical, thermal, and overall efficiencies predicted by the simulation were 16.01%, 20%, and 36.13%, 
respectively. The comparison is as shown in Fig. 12(c). The simulation findings matched the aforementioned studies where the overall 
efficiency of the systems increased by between 10 and 17%. 

3.4. Simulated PVT component temperatures, power, and irradiance 

The simulated temperatures for the solar cell, the back, the exchanger, the glass cover, and the water are presented in Fig. 13(a). 
The temperature increased with irradiance. The highest solar cell temperature was about 322 K (47.85 ◦C), while the highest water 
temperature was 317 K (43.85 ◦C). The highest glass temperature is 307.95 K (34.8 ◦C), while the highest back temperature was 
301.75 K (28.6 ◦C). Comparing the temperatures and irradiance, the highest temperatures for the components correspond to the 
highest irradiance simulated, which was 1000 W/m2. Since the model was transient the temperature were low compared to other 

Fig. 8. Comparison of thermal energy categorization.  
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studies. On the other hand, the simulated electrical power to the load, thermal power to water, and PV-generated electrical power are 
represented in Fig. 13(b). The highest electrical energy to the load, thermal energy to water, and PV electrical energy generated are 
254 W, 438 W, and 1606 W, respectively. In proportion to the rise in irradiance, the electrical energy increased. The thermal energy 
continued to increase even with increased radiation, and then started to drop with decreased radiation. 

The relationship between solar temperature and irradiance was calculated through a regression analysis of the simulation results 
and shown in equation (19) and Table 3(a) with R2 of 0.864 explaining that irradiance affects solar cell temperature at 86.4% while 
other factors that were not considered in this study accounting for 13.6%. Similarly, the relationship between water temperature and 

Fig. 9. Thermal energy consumption categorization: (a) Small category, (b) medium category, and (c) large category.  

Fig. 10. Simulated irradiance.  
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solar cell temperature is shown in equation (20) and Table 3(b), with an R2 of 0.603 where water temperature is affected by solar cell 
temperature at 60.3%. 

Solar cell temperature=(0.0249× Irradiance) + 296.107 (19)  

Water temperature=(0.572×Solar cell temperature) + 127.084 (20) 

The highest water temperature achieved was 43.85 ◦C. Particularly in the small thermal energy category for agro-processing, metal 
& allied industries, food & beverage and service sectors, the thermal heat generated by cooling the PV can be utilized to substitute for 
the thermal energy demand for temperatures between 18 ◦C and 180 ◦C. This can be achieved when the heat from the PVT system is 
used to energize a refrigerant for heat driven refrigeration cycles and heat pumps for industrial systems with refrigerant temperature 
ranges between 25 ◦C and 50 ◦C. 

4. Conclusion 

From the study, thermal energy processes in the Kenyan manufacturing sector were characterized as low, medium, and large 
thermal energy consumers. The small thermal energy category dominated the industry at 78.4%, and the agro-processing sector 
dominated the small thermal energy category at 19.6%. In the small thermal energy category, 63% of the facilities consumed less than 
2,500 GJ of thermal energy where tea and coffee took the lead, followed by floriculture and fresh produce sectors while 72.7% of the 
medium thermal energy category facilities consumed less than 90,000 GJ of thermal energy domineered by tea and coffee sector. 
Furthermore, 72.7% of the facilities in the large thermal energy category consumed less than 290,000 GJ of thermal energy. Overall, 
over 75% of the facilities were in the small thermal energy category and consumed less than 40,000 GJ of thermal energy. Integrating a 
PV and thermal collector in the same module cools the PV cells, improving the module’s efficiency. From the simulation results, the 
combined efficiency increased from 16.01% to 36.13%. This is consistent with other researchers’ results that higher irradiance causes 
an increase in solar cell temperature, and cooling causes an increase in efficiency, which other researchers estimate to be between 10% 
and 17%.This system is ecofriendly and secure hence reducing global warming and climate change. The integrated PVT hybrid system 
has the potential to be used especially in the small energy thermal and electrical category since they constitute over three quarters of 
thermal energy processes in Kenya’s manufacturing industries. When it comes to thermal energy, agro-processing is the most sig-
nificant manufacturing industry, and the tea and coffee industries dominate this subsector. Future studies could be done to evaluate a 
specific thermal energy category and compare different working fluids. 
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Fig. 12. Validation results: (a) Irradiance and water temperature; (b) irradiance and solar cell temperature; and (c) electrical, thermal, and 
overall efficiency. 
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Fig. 13. Simulation of; (a) PVT Component Temperatures and irradiance (b) Power and Irradiance.  

Table 3 
Regression Analysis; (a) Solar cell Temperature on irradiance and (b) Water temperature on solar cell Temperature.  

(a) 

Goodness of fit Test statistics P value 

Adjusted R-Squared 0.864  
R-Squared 0.864  
F-Statistic 2960.637 <0.001 
Dependent Variable=Solar cell temperature Linear Regression Results 

t-statistic P-value 
Constant 296.107 1301.906 <0.001 
Irradiance 0.0249  <0.001 

(b) 

Goodness of fit Test statistics P value 
Adjusted R-Squared 0.602  
R-Squared 0.603  
F-Statistic 707.041 <0.001 

Dependent Variable¼ Water temperature Linear Regression Results  

Coefficients t-statistic P-value 

Constant 127.084 19.436 <0.001 
Solar cell temperature 0.572 26.59 <0.001  
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Nomenclature 

α Photovoltaic module absorptance 
ρd Reflectance associated with diffuse radiation 
A Collector area, m2 

Cp The fluid thermal capacity 
Cpi Specific heat of collector components, J kg− 1 K− 1 

G Solar irradiance, Wm− 2 

g Gravitational constant 
h Fluid enthalpy 
I Output current 
Io Saturation current 
Iph Photo current, A 
Irs Reverse saturation current 
Isc short circuit current 
Ish Current through the shunt resistor 
K Boltzmann’s constant 
ki short circuit current of a cell at 25 ◦C, 1000 W/m2 

m Tank fluid mass.(kg) 
ṁ Net mass flow rate into the tank 
ṁA Mass flow rate into the tank fluid volume through the inlet. 
mi Mass of collector components, kg 
Ns Number of cells connected in series 
q electron charge, (C) 
Q Thermal energy flow rate into the tank through output port 
Rs series resistance, (Ω) 
Rsh Shunt resistance, (Ω) 
T Operating Temperature, K 
T Fluid temperature 
T1 Glass cover temperature of, K 
T2 PV module Temperature, K 
T3 Absorber fin Temperature of, K 
T4 Temperature of absorber fin connection to tube,K 
T5 Circulating water average temperature of, K 
Tfin temperature of fluid inlet, K 
Tfout Temperature fluid outlet, K 
Tn Nominal Temperature, K 
Tsky Sky temperature, K 
V Tank fluid volume(m3) 
Voc Open circuit voltage, (V) 
y The tank level, or height, relative to the tank bottom 
yA The tank inlet elevation relative to the tank bottom 
β Fluid isobaric bulk modulus 
ηcel Photovoltaic cells efficiency 
ηe Electric efficiency 
ρ Tank fluid density 
ρA Liquid density at inlet 
τg Glass cover transmittance 
τa Transmittance–absorptance product 
ΦA Energy flow rate into the tank through inlet 
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