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Abstract 12 

Renewable energy technologies for sustainable development are rapidly attracting attention 13 

across many disciplines despite technical, economic, and social barriers that limit application 14 

beyond the laboratory. This study proposes novel semi-automated and automated domestic hot 15 

water and electricity demand simulation experiments to evaluate the performance of a proof-16 

of-concept prototype under simulated solar conditions. The prototype is a Partially Hybridised 17 

Solar Technology (PHST) which integrates photovoltaic (PV) and low-temperature solar 18 

thermal technology for low-cost electricity and domestic hot water supply. The domestic hot 19 

water and electrical demand profiles, and the solar radiation utilised during the study represent 20 

typical conditions of off-grid households in Sub-Saharan Africa. The prototype delivered a 21 

thermal energy supply potential of 2,073 ± 75 kJ per day at an average solar thermal 22 

conversion efficiency of 29.4 ± 1.0%. The average yield of Direct Current (DC) electricity was 23 

273 Wh per day at a corresponding PV module efficiency of 12.1% but depended on the type 24 

of charge controller. These results provide essential baselines for future computer modelling 25 

work and techno-economic predictions for Sub-Saharan Africa. The study has important future 26 

implications to test standards guiding laboratory-based evaluation of Solar Home Systems 27 

(SHSs) for electricity and domestic hot water. 28 
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Nomenclature  31 

PRV  Pressure-reducing valve 32 

MPPT  Maximum Power Point Tracking 33 

PWM  Pulse-width modulation 34 

AFRICaS Asymmetric Formed Reflector with Integrated Collector and Storage 35 

PHST  Partially Hybridised Solar Technology 36 

PV/T  Photovoltaic-Thermal 37 

ICSSWH Integrated Collector Storage Solar Water Heater 38 

CVMI  Current-Voltage Measurement Interface 39 

LED  Light Emitting Diode 40 

APV  PV cell surface area ( m2) 41 

AP  AFRICaS ICSSWH subsystem aperture area ( m2) 42 

mw  Water mass delivered during each draw-off (kg) 43 

𝐶p,w  specific heat capacity of water at constant pressure (J kg K⁄ ) 44 

𝑣𝑡  Water storage tank volume of the ICSSWH (m3) 45 

𝐹Dm  Diffuse fraction of horizontal radiation (-) 46 

𝐺min  Minimum intensity measured across the PV module aperture (W/m2) 47 

𝐺avg  Average intensity measured across the AFRICaS ICSSWH aperture (W/m2) 48 

𝐻(𝛽 = 0°) Monthly average daily Global Horizontal Irradiation (kWh m2⁄ day⁄ ) 49 

𝐻𝑇(𝛽 = 15°) Monthly average daily irradiation at a surface tilt angle of 15° (kWh m2⁄ day⁄ ) 50 

𝐼PV  Current supplied by the PV module (A) 51 

𝐼m  Current supplied by the PV module at Maximum Power Point (A) 52 

𝐼𝑆𝐶   Short circuit current of PV module (A) 53 

𝐾Tm  Clearness index (-) 54 

𝑉m  PV module voltage at Maximum Power Point (V) 55 

Pm  PV module power at Maximum Power Point (W) 56 

𝑉PV  Voltage generated by the PV module (V) 57 

𝐸PV  Energy yield from the PV module (Wh) 58 

𝐸L  Energy supplied to the load (Wh) 59 

𝐸𝑆im→ICS Energy supplied by solar simulator onto the AFRICaS ICSSWH aperture (J) 60 

𝐸𝑆im→PV Energy supplied by solar simulator onto the PV module aperture (W) 61 

QHW𝑗
  Thermal energy delivered calculated for a draw-off volume 𝑗 (J) 62 
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𝑄𝐿  Electric charge equivalent of energy supplied to the load (Ah) 63 

𝑇  Temperature (°C) 64 

𝜌  water density (kg m3⁄ ) 65 

∆𝑡  The period of simulated solar irradiance (s) 66 

𝑗 the 𝑗𝑡ℎ hot water draw-off count, 1,2,…N  67 

𝛽  Surface tilt angle (°) 68 

𝜂  Efficiency (%)69 
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1. Introduction 70 

Hybridisation of photovoltaic (PV) technologies and solar thermal technologies for generating 71 

electricity and domestic hot water is an essential concept in enabling affordable and safe access 72 

to modern energy. Recent research on this topic is generating significant knowledge and interest 73 

in developing countries under the frame of Sustainable Development Goal (SDG) #7 [1]. These 74 

technologies, which are conceived as flatpack or modular concepts are fundamental for 75 

increasing the solar energy yield per unit area to enhance economic feasibility and optimise 76 

available land. Furthermore, modularising certain readily available and/or market ready solar 77 

technologies enhances flexibility, scaleability and rapid deployement times to achieve low cost 78 

designs [2]. These considerations can result in Partially Hybridised Solar Technology (PHST) 79 

as an alternative concept, i.e., a form of Solar Energy Cogeneration (SEC) [3] which differs 80 

from Photovoltaic-Thermal (PV/T) technology [4–8] due to the reasons explained next.  81 

A standard PV module is readily available at a low price whereas PV/T units are specialist 82 

products which are more expensive and much less readily available.  There may be an efficiency 83 

and temperature advantage to having the PV and thermal separate. In cases where electricity is 84 

the dominant demand, the temperature of a PV/T collector is usually limited so that the 85 

electrical efficiency can be maximised (typically 0.45%/°C [9] reduction in electrical output for 86 

crystalline silicon PV). In cases where heat needs to be produced at a high temperature (e.g., 87 

domestic hot water at >60°C) the electrical efficiency will inherently be compromised by the 88 

temperature effect. In addition, high temperatures usually require a transparent cover, which 89 

also reduces optical efficiency. Covered PV/T collectors can easily suffer stagnation damage 90 

when there is no demand for heat or if heat extraction pumps/fans/systems fail. This is a 91 

problem in the developing country context where access to parts and maintenance expertise 92 

might be limited and water supplies might be unreliable. Having the PV separate from the 93 

thermal protects it from stagnation damage. 94 

The PHST concept significantly relaxes or eliminates the fundamental aspect of managing the 95 

PV cell operating temperature for improving the efficiency of electricity generation in PV/T 96 

technologies. This minimises complexity in modular PHST units and eases maintenance 97 

requirements, which is of significant necessity owing to technical capability limitations [10] in 98 

remote off-grid locations of developing countries. A variety of other potential systems including 99 

Low Concentration Photovoltaic (LCPV) systems [11], concentrating photovoltaic-thermal 100 

(CPV/T) systems [12,13] and Concentrated Solar Power (CSP) systems [14] could be 101 
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considered but they present a lack of field operational experience in remote off-grid areas or 102 

are large scale and capital intensive. 103 

To advance with PHST concepts, it is essential to determine the minimum practicable energy 104 

demand to be satisfied at the scale of a single module. The multi-tier energy access and 105 

technology design framework [15] of the World Bank and the matrix of quantified energy use 106 

estimates proposed by Muhumuza et al. [16] can be helpful. For example, Table 1 shows an 107 

electrical demand scenario of up to 250 Wh per day which provides electricity supply to enable 108 

essential basic energy services for remote households at tier 2 level [17,18]. This daily demand 109 

is similar to that of Ayeng’o et al. [19] measured for an off-grid Solar Home System (SHS) in 110 

Tanzania. A typical off-grid households in developing countries could have an average 111 

domestic hot water demand of 5.6 L per person per day [20,21], i.e., 28 L per day for a 4-person 112 

household. By contrast, a low hot water demand situation for households in developed countries 113 

would be 30 L per person per day or 120L/day for a 4-person household [22–25]. To raise the 114 

temperature by 20°C of 28 L water from a mean temperature of say 25°C for domestic purposes 115 

could demand 1,408 kg of traditional fuelwood per household per year as estimated in Table 2. 116 

The reality of these coexisting energy demands and the potential for cost effective solar 117 

solutions represents an interesting technology research and development dimension. 118 

Table 1 119 

Estimated energy demand for an entry-level PV component at tier 2 level as a subsystem of the 120 

proposed PHST. 121 

Appliances/ Loads 

Power 

rating 

(watts) 

Daily 

Hours of 

use (hrs) 

No of appliances 

Watt-hours 

per day 

(Wh/day) 

LED indoor 5 4 3 60 

LED security 5 8 2 80 

Phone charger 5 2 1 10 

Fan 15 4 1 60 

Radio 10 4 1 40 

   Energy needed 250 

122 
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Table 2 123 

Quantity of primary fuelwood estimate (kg per household per year) to produce a temperature 124 

rise of 20 °C for 28 L/day of low temperature hot water [26]. 125 

Detail Value Unit 

Initial temperature 25 °C 

Final temperature 45 °C 

Estimated demand for low temperature hot water 28 L/day 

Useful energy required for water heating from 25°C to 45°C 2.34 MJ/day 

Heat loss coefficient (assumed typical for a water heating 

appliance) 
4 W/K 

Thermal energy losses over the day (24 hour) 7 MJ/day 

Gross energy requirement 9.26 MJ/day 

Overall efficiency of the water heating appliance, assuming 

traditional fuelwood cook stove [27] 
15 % 

Primary thermal energy requirement 61.71 MJ/day 

Annual primary thermal energy requirement  22,523.32  MJ/year 

Typical thermal energy content of fuelwood 16 MJ/kg 

Mass of fuelwood required  1,407.71  kg/year 

PHSTs are a decoupled combination of readily available individual solar thermal and PV 126 

subsystems. They can combine subsystems of clean and conventional technologies in a less 127 

complex and modular fashion. The range of technology combinations is unlimited and can 128 

comprise subsystems along with conventional devices such as DC resistance heating, energy 129 

storage, optical elements (reflectors or concentrators), net metering, smart controls, etc. To 130 

service multiple households within a close distance range, the PV subsystems of the various 131 

PHST units could interconnect in a DC nano-grid (also known as a micro-grid or a mini-grid 132 

[28]) and the solar thermal subsystems in a small-scale district heating system. A parallel 133 

connection of the PV subsystems in a DC nano-grid produces a stable voltage supply. Solar 134 

thermal subsystems connected in parallel achieve redundancy whilst series thermal systems 135 

may deliver thermal energy with a higher temperature rise. Additionally, cost 136 

effective/affordable PHSTs may be achieved through the removal, substantial reduction, or 137 

substitution of certain auxiliary components, e.g., pumps, pipework and controls.  138 

If readily available, Integrated Collector Storage Solar Water Heater (ICSSWH) technologies 139 

[29,30] can be attractive in formulating PHSTs. They combine the solar thermal energy 140 

collection and storage functions into a single unit with no moving parts, allowing users to be 141 

independent of grid electricity [31]. While they are affordable and less complex for domestic 142 

hot water, they may require alternative structures and materials to improve their thermal energy 143 

collection and retention efficiencies. Pugsley et al. [32,33] have created flexible and rapidly 144 

deployable PHST prototypes for field testing at a remote off-grid location in Botswana. Each 145 

prototype incorporated a flat reflector, a thermal diode ICSSWH [34] and a standard 146 
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polycrystalline PV module. Many commercial and pre-commercial ICSSWHs are arguably 147 

featured in literature as low-cost technology for low temperature domestic water heating. 148 

Various studies in Dominican Republic [35], Greece [36,37], Tunisia [38], Egypt [39] and India 149 

[40] among others have demonstrated the potential success of various ICSSWH concepts that 150 

fit well the scope of readily available solar thermal technologies. Recent research is developing 151 

modelling approaches [41] and introducing modifications in individual componentry [34,42] to 152 

facilitate commercialisation and the development of cost-effective PHSTs. Technology 153 

affordability for modern energy access is a critical aspect of Willingness To Pay (WTP)  which 154 

is a measure of the potential technology uptake based on the financial buying ability of users 155 

and the resulting long-term satisfaction derived from the purchased technology [43]. 156 

Muhumuza et al. [44,45] aimed for a packaged PHST or flatpack design referred to as the 157 

Asymmetric Formed Reflector with Integrated Collector and Storage (AFRICaS) system. The 158 

system integrated PV technology and introduced a non-imaging Compound Parabolic 159 

Concentrator (CPC) for improved solar thermal collection performance of the cylindrical 160 

thermal diode ICSSWH. The reported optical performance results [45] of the AFRICaS 161 

ICSSWH subsystem indicated potential success for water heating at equatorial latitudes. Fig. 1 162 

depicts the overall definition of the modular AFRICaS PHST proposition to support combined 163 

basic electricity and thermal energy demands at an entry-level scale for off-grid households in 164 

developing countries.  165 

This paper develops an experimental testing methodology to evaluate the performance of a 166 

single AFRICaS PHST prototype under simulated conditions. The testing program employs 167 

experimentally simulated Direct Current (DC) electrical energy demand profiles and hot water 168 

draw-off patterns derived from realistic field measurements and published literature. Firstly, 169 

the paper addresses technical sizing of components and presents the experimental simulations 170 

methodology in section 2 and section 3, respectively. Then in section 4, the paper reports and 171 

discusses the results of lab-based technical findings for the hot water and electricity subsystems 172 

of the AFRICaS PHST prototype and the conclusion in section 5.  173 



 

Page 9 of 38 
 

 174 

Fig. 1. The modular Asymmetric Formed Reflector with Integrated Collector and Storage 175 

(AFRICaS) Partially Hybridised Solar Technology (PHST) concept [44,45]. 176 

2. Technical specification of the AFRICaS PHST components 177 

2.1. The thermal diode AFRICaS ICSSWH subsystem 178 

Researchers at Ulster University have been developing various vertical [46,47] and horizontal 179 

[34,42,48] types of thermal diode ICSSWH devices in cylindrical and planar formats. 180 

Cylindrical versions have storage tank vessel diameters ranging from 150 mm to 360 mm and 181 

hot water storage volume ranging from 16.5 L to 30.8 L for system lengths ranging from 1 m 182 

to 1.63 m. A readily available thermal diode ICSSWH device with a volume capacity of 16.7 L 183 

and system length of 1 m, provided the needed modularity to the AFRICaS PHST concept as a 184 

sufficient entry-level unit. Growing hot water demands would be met by scaling up using 185 

multiple identical units connected in series or in parallel. 186 

2.2. PV subsystem components  187 

The power rating of the PV module was estimated using the daily electrical demand of 𝐸𝐿 =188 

250 Wh day⁄  (see Table 1) by considering the lowest monthly average daily Global Horizontal 189 

Irradiation. The lowest monthly average daily irradiation for the selected location in Uganda at 190 

Busitema University (Latitude = 0.547163°N, Longitude = 34.019773°E), Tororo district is 191 

𝐻(𝛽 = 0°) = 5.25 kWh m2⁄ day⁄  and occurs in July [49]. Tilted south facing surface solar 192 

radiation modelling utilised the Isotropic Sky Model [50–52] which considers beam, isotropic 193 

diffuse and ground reflected components. Using a ground reflectance of 0.2 (sand/dry grass) 194 
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and the diffuse fraction empirical formulation in Eq.(1), the estimated monthly average daily 195 

solar irradiation incident on the aperture tilt angle of 15° of the south facing AFRICaS PHST 196 

prototype [45] is 𝐻𝑇(𝛽 = 15°) = 4.61 kWh m2⁄ day⁄ . Other mixed approaches [53] to derive 197 

the solar energy potential at a site could be considered. 198 

 𝐹Dm = 1 − 1.13𝐾Tm (1) 

where 𝐹Dm is the diffuse fraction of the monthly average daily global horizontal irradiation and 199 

𝐾Tm is the clearness index for each month. 200 

According to the PV module sizing approach by Labouret and Villoz [54] the current at 201 

Maximum Power Point (MPP) and Standard Test Conditions (STC) is estimated using Eq.(2).  202 

 𝐼m =
𝑄𝐿 

𝐻𝑇 ∙ 𝜂𝐵 ∙ 𝜂𝐶𝐶 ∙ 𝜂𝑤𝑖𝑟𝑒 ∙ 𝐷𝐹
 (2) 

where 𝑄𝐿 is the electric charge equivalent of energy supplied to the load for specified 12 V DC 203 

system in Ah day⁄ , i.e., 𝑄𝐿 = 𝐸𝐿 12⁄  and 𝐻𝑇 is the monthly average daily solar radiation 204 

incident on the tilted PV module surface in kWh m2⁄ day⁄ . Assuming battery charging 205 

efficiency (𝜂𝐵 = 0.95), charge controller efficiency (𝜂𝐶𝐶 = 0.98), dust/dirt/sand factor (𝐷𝐹 =206 

0.9) and wiring effectiveness (𝜂𝑤𝑖𝑟𝑒 = 0.97), the estimated 𝐼m = 5.55 A. Finally, the peak 207 

power of the PV module was obtained using Eq.(3). 208 

 Pm = 𝐼𝑚 × V𝑚 (3) 

where 𝑉𝑚 is PV module’s voltage at MPP, i.e., typically 17 V ≤ Vm ≤ 18 V for a 12 V system 209 

located in hot climate [54]. This results in PV module peak power values in the range 94.4 V ≤210 

Pm ≤ 100.0 W. One ECO-WORTHY 100 Wp polycrystalline PV panel (36 PV cells and 211 

effective PV cell surface area of 0.584 m2) was selected. 212 

Battery sizing considered 2 days of autonomy, a maximum DOD of 75% for sufficient storage 213 

during cloudy days and at night and a battery discharge efficiency, 𝜂𝑑𝑖𝑠𝑐ℎ, of 85% according to 214 

Eq.(4). One maintenance free Valve Regulated Lead Acid (VRLA) Sonnenschein 12 V battery, 215 

model GF1252YO of gel technology with a C20 rating of 60 Ah was selected. 216 

 

Battery capacity (Ah) =
daily load (Wh) × days of autonomy

System voltage (V) × DOD × 𝜂𝑑𝑖𝑠𝑐ℎ
 

  =
250 Wh × 2

12 × 0.75 × 0.85
= 65.4 Ah 

(4) 
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The charge controller should support the full short circuit current of the connected PV panel 217 

[55]. A safety margin multiplier of 1.3 [56] on the PV panel short circuit current (𝐼𝑆𝐶) 218 

determined a commercially available 12 V/10 A charge controller for the PV subsystem. Two 219 

charge controller technologies were selected as detailed in Table 3 to evaluate their benefit 220 

towards electrical energy yield of the PV subsystem. 221 

Table 3 222 

The selected Victron PWM-Pro and MPPT SmartSolar charge controllers in the PV subsystem 223 

of the AFRICaS cogeneration prototype. 224 

Parameter Unit PWM-Pro MPPT SmartSolar 

Unit cost USD $ 54.0 140.0 

Maximum battery current A 10 10 

Nominal PV power, 12 V W - 145 

Automatic load disconnect A - 15 

Peak efficiency % - 98 

Self-consumption mA <10 20 

Absorption charge V 14.4 14.4 

Float charge V 13.8 13.8 

Equalisation charge V 14.6 - 

Low voltage load disconnect V 11.1 Battery life algorithm 

Low voltage load reconnect V 12.6 Battery life algorithm 

Temperature compensation mV/°C - -16/32 

3. Experimental methodology and set-ups 225 

The modular AFRICaS PHST prototype was evaluated at the Centre for Sustainable 226 

Technologies (CST), Ulster University using a state-of-the-art indoor Solar Simulator [57] 227 

while adhering to the ISO 9806:2017 [58] standard. The solar simulator has 35 metal halide 228 

lamps fitted with collimating lenses that radiate light across an infrared filtering medium to 229 

achieve a light output comparable to the AM1.5 daylight reference spectrum. The solar 230 

simulator was tilted to an angle of 15° to the horizontal (measured using a digital inclinometer 231 

(FISCO Solatronic) with ±0.2° accuracy) to produce a light beam normal to the aperture of each 232 

subsystem.  233 

Partial hybridity of the prototype was exploited by testing the individual subsystems using 234 

separate experimental rigs to overcome space constraints under the solar simulator, i.e., one for 235 

the thermal AFRICaS subsystem and the other for the PV subsystem. The measured intensity 236 

on the subsystems’ aperture varied in the range 640 − 775 W/m2. This range is typical of the 237 

average hourly total solar radiation incident on a south facing surface at a 15° tilt angle during 238 

a 6 h period (between 10:00 a.m. to 4:00 p.m) of utilisable solar energy for most locations in 239 

Sub-Saharan Africa. Each solar energy collection experiment was carried out under constant 240 
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solar radiation for a period of six hours and static air conditions. The measurement system for 241 

simulated solar irradiance consisted of a pyranometer (Kipp & Zonen-CM11) of sensitivity 242 

4.66 (μV W⁄ )m2 connected to a handheld digital multimeter (Mastech MAS830L). 243 

The total solar energy 𝐸𝑆im→ICS and 𝐸𝑆im→PV received on the apertures of the AFRICaS 244 

ICSSWH subsystem and the PV module, respectively during the exposure period were 245 

determined according to Eq.(5) and Eq.(6). 246 

 Energy supplied by solar simulator in J (𝐸𝑆im→ICS) = 𝐺avgAp∆𝑡 (5) 

where 𝐺avg is the average measured simulated solar intensity on the aperture and Ap the aperture 247 

surface area of the AFRICaS ICSSWH subsystem (i.e., 0.45 m2) and the duration of simulated 248 

irradiance, ∆𝑡 = 21,600 s. 249 

 Energy supplied by solar simulator in Wh (𝐸𝑆im→PV) = 𝐺𝑚𝑖𝑛APV∆𝑡 (6) 

where 𝐺𝑚𝑖𝑛 is the minimum irradiance measured on the PV cell surface, APV is the effective 250 

surface area of module PV cells and ∆𝑡 = 6 h. 251 

Hot water draw-off simulations utilised a demand profile proposed by Prinsloo [21] which 252 

provides ~28 L per day for a 4-person rural household. For electricity demand, field study data 253 

measured at an off-grid teacher’s house of the SolaFin2Go project [32] by Ulster University at 254 

Jamataka Primary School in Botswana was utilised. The data covered at least 100 days during 255 

the period October 2018 to March 2019. The electrical load consisted of lighting, phone 256 

charging, a television set and its powered receiver and converter, and a small fan. The average 257 

electrical demand was 563 ± 114 Wh day⁄  and the television’s power converter and night 258 

phone charging constituted the baseline load over the 24 h period. Fig. 6 and Fig. 7 show the 259 

respective hot water draw-off and electrical demand profiles, derived for this experimental 260 

simulation methodology. 261 

3.1. Experimental rig set-ups and sensor locations 262 

Fig. 2.  depicts the schematic layout of the experimental rig for the AFRICaS ICSSWH 263 

subsystem enclosing the cylindrical thermal diode ICSSWH prepared as described in previous 264 

work [34,48]. It highlights instrumentation, pipework, isolation valves, and auxiliaries, 265 
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allowing low pressure mains freshwater supply below 1 bar to avoid compromising the integrity 266 

of the ICSSWH seals.267 



14 3   Experimental methodology and set-ups 

 

 

 268 

Fig. 2. Experimental setup and instrumentation for indoor draw-offs.269 
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Temperature measurement utilised 19 thermocouple sensors (T-type Copper/Constantan) with 270 

±0.5 K accuracy. Fig. 3.  shows the temperature sensor locations on the AFRICaS ICSSWH 271 

subsystem experimental rig in cross-section. The thermocouples linked onto various channels 272 

of a Delta-T DL2e data logger, which sampled every 5 s and recorded average temperatures on 273 

5-min intervals. The data logger stored continuous temperature records for the a. absorber, b. 274 

air enclosed in the reflector cavity, c. water in the water storage vessel; d. air enclosed in the 275 

lead acid battery compartment at the back of the reflector, e. mains freshwater inlet and f. the 276 

hot water outlet. Moreover, temperature measurements of laboratory ambient air, hot water in 277 

storage, absorber, and air enclosed in reflector cavity utilised multiple temperature sensors for 278 

improved measurement accuracy. Table 4 describes the various thermocouple locations on the 279 

prototype and in the laboratory environment. 280 

 281 

Fig. 3. Temperature sensor locations on the AFRICaS ICSSWH subsystem experimental rig. 282 

Table 4 283 

Temperature measurement locations on the AFRICaS ICSSWH subsystem experimental rig 284 

Measurement location Measurement quantity Labels and descriptions 

Absorber 
Temperature of the 

absorber surface 

Back, A1 

Bottom, A2 

Front, A3 

Top, A4 

Air enclosed in the 

reflector cavity 

Hot air cavity, P1 

Above reflector, P2 
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Measurement location Measurement quantity Labels and descriptions 

Temperature of the air 

enclosed in the 

reflector cavity 

Below glazing, P3 

Water in the storage 

tank of the ICSSWH 

Temperature of water 

in ICSSWH tank 

Five sensors distributed 

equidistant along the central axis 

of the water filled tank, T1, T2, 

T3, T4, T5 

Air enclosed in the 

proposed lead acid 

battery compartment at 

the back of the reflector 

Temperature of the 

proposed battery 

compartment 

One temperature sensor in the 

proposed battery compartment, 

P4 

Laboratory ambient 
Ambient air 

temperature 

Four temperature sensors in 

ambient around the prototype 

Mains fresh water 
Mains freshwater 

inflow temperature 

One temperature sensor on inlet 

copper pipe (#14 on Fig. 2) 

Hot water outlet 
Hot water outflow 

temperature 

One temperature sensor on 

outlet copper pipe (#11 on Fig. 

2) 

Fig. 4 shows a photograph of the AFRICaS ICSSWH subsystem experimental rig in the 285 

laboratory. Hot water draw-offs utilised manual flow volume measurements that employed a 286 

stopwatch, graduated measuring jugs and a bucket. Hot water discharged through the outlet 287 

hose into the bucket as mains freshwater simultaneously entered the storage vessel at the inlet. 288 

For continuous measurements, a T-type thermocouple in contact with the copper outlet port 289 

provided a sufficient measurement of hot water temperature exiting the storage vessel. A stop 290 

clock enabled recording of the duration for the system to deliver the required hot water volume 291 

into the bucket. A digital thermometer (Tenma 72-7715) read and recorded temperature 292 

measurements of mixed hot water draw-off samples using a T-type thermocouple. The actual 293 

volume of extracted hot water draw-off samples was measured using a graduated measuring 294 

jug to estimate the flow rate in L/min for each draw-off event. Finally, T-type thermocouples 295 

placed along the centreline of the storage water vessel measured the temperature of the water 296 

in the storage water vessel, enabling the estimation of the thermal energy extracted for each 297 

draw-off.  298 
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 299 
Fig. 4. The AFRICaS ICSSWH subsystem undergoing experimental hot water draw-off 300 

simulations in the laboratory. 301 

Fig. 5 shows the experimental rig for the PV subsystem and the set-up used for simulating 302 

electricity demand in the laboratory. The setup ensured that the two types of charge controllers 303 

i.e., a Pulse Width Modulation (PWM) and a Maximum Power Point Tracking (MPPT) selected 304 

in Table 3 were used interchangeably for comparison purposes. T-type thermocouples attached 305 

in four locations at the back of the PV module measured the PV module temperature. 306 

Additionally, two T-type thermocouples measured ambient air temperature in the laboratory 307 

near the test rig. A custom-built Current-Voltage Measurement Interface (CVMI) enabled the 308 

measurement of all electrical parameters using potential dividers and shunt resistors to 309 

transform the true voltage and current values into a millivolt scale range for compatibility with 310 

the datalogger. The custom-built CVMI linked to the datalogger through three 4-core shielded 311 

signal cables. Measured electrical parameters included the operating voltage and current for the 312 

PV module, the VRLA battery, and the load. Continuous recording of electrical and temperature 313 

measurements utilised an Omega OM-DAQXL data logger which recorded a single average 314 

value of 12 samples every minute.  315 
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 316 
Fig. 5. Setup of the PV subsystem showing (a) the system schematic for measurement of 317 

electrical parameters and simulating the electrical demand profile and (b) the photograph of the 318 

experimental rig in the laboratory.  319 
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Current and voltage measurements were used to determine the energy yield metrics from the 320 

PV module during the 6 h exposure period of simulated irradiance. Energy yield of the PV 321 

module and the corresponding average efficiency were derived according to Eq.(7)  and Eq.(8) 322 

, respectively. Performance evaluation of the PV subsystem considered all cells exposed to a 323 

minimum irradiance 𝐺𝑚𝑖𝑛. Slightly higher irradiances measured on certain cells would not be 324 

expected to significantly influence electrical yield because current flow through the module 325 

(formed of PV cells interconnected in series) would be limited by those PV cells subjected to 326 

the lowest irradiances. The energy supplied to the load during each 24 h period was derived 327 

using Eq.(9). 328 

 PV energy yield in Wh (𝐸PV) = ∑
𝑉PV × 𝐼PV

60

360

0

 (7) 

 PV module efficiency 𝜂PV =
𝐸PV

𝐸𝑆im→PV
=

∑
𝑉PV × 𝐼PV

60
360
0

𝐺𝑚𝑖𝑛APV∆𝑡
 (8) 

 

Energy supplied to the load in Wh (𝐸𝐿) = ∑
𝑉𝐿 × 𝐼𝐿

60

1440

0

 

(9) 

where 𝑉PV and 𝐼PV are the measured voltage and current produced by the PV module and 𝑉𝐿  329 

and 𝐼𝐿 are the voltage and current drawn by the load. Initially, a Victron Blue Smart IP65 Mains 330 

Charger was utilised to achieve a full state of charge of the battery, determined when charging 331 

status of the LED indicator displayed the “STORAGE” state. The fully charged battery was 332 

rested for a period of 12 h between tests to establish a common initial condition of battery state 333 

of charge for each experimental simulation of the PV subsystem. 334 

3.2. Simulated hot water draw-off patterns and electricity demand 335 

To evaluate the thermal energy output of the AFRICaS ICSSWH subsystem, the study derived 336 

simplified hot water draw-off patterns based on the hot water demand profile suggested by 337 

Prinsloo [21]. Fundamentally, the AFRICaS ICSSWH subsystem is a batch solar water heater 338 

which may also function as a preheater. As a batch solar water heater, it collects and stores solar 339 

energy in hot water during the day for later use. In this mode, hot water demand comprises 340 

intensive warm water withdrawal from the system in the evening and/or morning hours when 341 
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sunlight is insufficient to activate the thermal diode. The derived hot water draw-off patterns 342 

were simulated for three scenarios: 343 

• Scenario 1: High intensity draw-offs during the collection (sunny daytime) period only 344 

• Scenario 2: High intensity draw-offs at the end of collection period 345 

• Scenario 3: Distributed draw-offs throughout the day 346 

Fig. 6 presents the three hot water draw-off scenarios indicating their reationship to the 6 h 347 

simulated solar radiation exposure period selected as noon ±3 h (i.e., 9:00-15:00 h) at 348 

730 W m2⁄  on the aperture of the AFRICaS ICSSWH subsystem. Scenario 1 (Fig. 6a) shows a 349 

draw-off pattern of 28 L consisting of 5 separate events occurring over a short midday period 350 

(approximately 1 h and 40 min). This may be likened to simultaneous coexistance of an 351 

intensive demand for preheated hot water during preparation of lunchtime meals and solar 352 

energy collection in the middle of the day. Scenario 2 (Fig. 6b) shows a draw-off pattern of 28 353 

L, again consisting of 5 separate events during a period of 1h 40 min, but this time occuring 354 

immediately after the solar collection period. This maybe likened to a high intensity demand 355 

for preheated water in the evening after sunset (e.g., for bathing). Finally, Scenario 3 (Fig. 6c) 356 

shows a distributed draw-off pattern of a total of 28 L during the day from morning to evening. 357 

This draw-off pattern is the closest in similarity to Prinsloo’s [21] except that there are no draw-358 

offs during the night. 359 
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 360 
Fig. 6. Three scenarios for experimental simulation of hot water draw-off (a) high intensity 361 

draw-off pattern during the collecting period-Scenario 1 (b) high intensity draw-off pattern after 362 

the collecting period-Scenario 2 and (c) distributed draw-offs during the day-Scenario 3. 363 

Hot water draw-off produces a temperature drop in the  thermal store (i.e., the hot water in the 364 

inner storage vessel) from which the amount of thermal energy extracted ( QHW𝑗
) can be 365 

calculated for each draw-off, 𝑗, using Eq.(10),  366 

 QHW𝑗
= mw𝐶p,w(𝑇w,i − 𝑇w,f)𝑗

 (10) 
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where 𝐶p,w is the specific heat capacity of water at constant pressure whilst (𝑇w,i − 𝑇w,f)𝑗
 is the 367 

temperature change of the storage vessel water volume for each single draw-off from the 368 

average initial temperature measurement 𝑇w,i to the average final temperature measurement 𝑇w,f 369 

before and after each draw-off, respectively. The mass of water in the inner storage vessel, mw 370 

was determined using Eq.(11), 371 

 mw = 𝜌𝑣𝑡 (11) 

where 𝜌 the density of water, 𝑣𝑡 the volume of the inner storage vessel. The density, 𝜌 and 372 

specific heat capacity, 𝐶p,w of water were evaluated at the average temperature of 𝑇𝑎𝑣𝑔 =373 

(𝑇w,i + 𝑇w,f) 2⁄  using the normative formulae provided in the Annex C of ISO 9806:2017 for 374 

liquid water in the range up to 12 bar and 0 < 𝑇𝑎𝑣𝑔 < 185 ℃. Finally, in the case of the 375 

AFRICaS ICSSWH subsystem, the average solar thermal collection efficiency, 𝜂𝑇ℎ for the 6 h 376 

exposure period of simulated solar irradiance was determined from Eq.(5) and Eq.(10),  using 377 

Eq.(12), 378 

 𝜂𝑇ℎ =
∑ QHW𝑗

𝑁
𝑗=1

𝐺avgAp∆𝑡
 (12) 

where 𝑁  refers to the individual draw-offs i.e., 𝑁 = 5 in Scenario 1 and 2, and 𝑁 = 8 in 379 

Scenario 3. 380 

The electrical energy output of the AFRICaS PHST was evaluated experimentally using an 381 

automatic load bank circuit that simulated the electrical demand profile. The load consisted of 382 

an array of halogen lamps (2 x 5W, 1 x 10W and 3 x 20W) connected to four programmable 383 

channels of two 12 V Digital DIN Rail timer switches to achieve automatic switching of the 384 

lamps,  as shown in Fig. 5a. The simulated experimental load profile is compared against the 385 

load profile derived from measured electrical consumption data of the teacher’s house in the 386 

SolaFin2Go project [32] as shown in Fig. 7. Automatic lamp switching over a 24 h period 387 

resulted in a daily simulated experimental electrical demand of 570 Wh day⁄  which was 388 

broadly similar to the consumption profile derived from SolaFin2Go field data. 389 
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 390 
Fig. 7. Comparison of the simulated load profile and the electrical consumption profile 391 

measured at the teacher’s house in the SolaFin2Go project [32] in Jamataka, Botswana. 392 

Multi-day tests were performed to evaluate the behaviour of the AFRICaS PHST prototype 393 

under simulated hot water demand for the three scenarios and simulated electrical demand for 394 

each selected charger controller. For hot water draw-offs under scenario 3, the AFRICaS 395 

ICSSWH sat without collection on the day prior to the first simulation day. Therefore, results 396 

presentation ignored the first simulation day because initial draw-offs in the morning would be 397 

meaningless, unless the preceding day was notionally considered a very cloudy day. 398 

4. Results and discussion 399 

4.1. Hot water draw-off simulations 400 

Fig. 8. Multi-day  shows the measured temperature variations for the investigated multi-day test 401 

scenarios indicating the effect of draw-offs conducted at the same time on different days. The 402 

temperature variation of the absorber, air enclosed in the reflector cavity, storage hot water and 403 

laboratory ambient air represents averaged data at multiple points. Measured temperature data 404 

of mains fresh water (inlet) and hot water outlet are shown only for periods of simulated draw-405 

off events. The measured average simulated instensity on the two testing days of scenarios 1, 2 406 

and 3 was 718 ± 35 W m2⁄ , 730 ± 25 W m2⁄  and 732 ± 24 W m2⁄ , respectively. Laboratory 407 
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ambient temperature during the testing period of scenarios 1, 2 and 3 varied between ~18-26°C, 408 

~19-26°C and ~18-27°C, respectively, typical of countries in the tropical zone. Draw-offs 409 

influence the storage water temperature and the temperature of the absorber and enclosure 410 

cavity air inside the prototype. Apparently, utilising hot water during the collection period 411 

(Scenario 1) has the greatest benefit of overnight warm water retention, which results in a 412 

relatively higher storage water temperture on the morning of the next day. There are significant 413 

temperature variations in the mains freshwater (inlet) temperature with time, typically ~26-33 414 

°C initially (i.e., standing water contained within the pipes located in the laboratory space at 415 

ambient temperature) falling to ~16-20 °C (i.e., mains freshwater from underground pipes). 416 

 417 

Fig. 8. Multi-day temperature variations of experimental simulation showing tests with: (a) high 418 

intensity draw-offs during the collecting period – Scenario 1; (b) high intensity draw-offs at the 419 

end of the collection period – Scenario 2; and (c) distributed draw-offs at different times of the 420 

day – Scenario 3. 421 

Experimental draw-off simulations provide insight about the estimated collector performance 422 

in terms of hot water delivery throughout the day. Fig. 9 shows the mixed hot water temperature 423 

in the bucket for each draw-off of the simulated scenarios on day 1 (left hand side) and day two 424 

(right hand side) in relation to the time of day. Scenario 3 produced the worst consistency in 425 

hot water temperature and its last four draw-offs (afternoon and evening) have a higher hot 426 
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water temperature than the first four (during morning hours) due to nighttime heat losses from 427 

the store. Scenario 2 produces the greatest decline in hot water temperature after each draw-off. 428 

Scenario 1 delivers the greatest temperature consistency for each draw-off. The timing of draw-429 

offs has a significant effect on the temperature of delivered hot water. Early morning draw-offs 430 

delivered water at 27°C whereas early evening draw-offs delivered water at 43°C.The best hot 431 

water use pattern depends on the application but users would certainly prefer a system that 432 

delivers hot water at a consistent temperature.  433 

 434 

Fig. 9. Mixed water temperature in the bucket for each draw-off in scenarios 1, 2 and 3, 435 

respectively on Day 1 (left hand side) and Day 2 (right hand side). 436 

Table 5, 6 and 7 summarise the total energy extracted from the AFRICaS ICSSWH subsystem 437 

for the individual testing days along with draw-off flow rates and the storage water temperatures 438 

measured in the tank before and after each draw-off. The hot water temperature delivered by 439 

the prototype across the two simulated days ranged between ~33.5-40.8 °C , ~31.0-51.5 °C and 440 

~25.02-48.68 °C, for scenarios 1, 2 and 3, respectively. The initial and final storage water 441 

temperatures before and after each draw-off are relatively higher on the second day. The initial 442 

storage water temperature before draw-offs on both days varried between ~35-46°C, ~33-60°C 443 

and ~26-53°C for scenarios 1, 2 and 3, respectively. Conversely, the final storage water 444 

temperature after draw-offs on both days varried between ~28-36°C, ~28-46°C and ~25-47°C 445 

for scenarios 1, 2 and 3, respectively. The quantity of heat energy extracted appears to be 446 

independent of the draw-off pattern. For the total actual measured hot water volume delivered 447 

by the system ranging from 28.0 L to 30.8 L, the amount of heat energy delivered ranged 448 

between 1,954 kJ and 2,133 kJ across the scenarios with an average of 2,074±75 kJ. Finally, 449 

the solar thermal conversion efficiency for the different hot water draw-off simulation days 450 
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ranged from 28.0% to 30.6% with an average of 29.4 ± 1.0%. The consistency in the heat 451 

energy extracted and collection efficiency in all scenarios indicates a substantial degree of 452 

predictability of the current experimental methodology. 453 
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Table 5 454 

Heat energy delivered by the AFRICaS ICSSWH subsystem for the simulated draw-offs in Scenario 1. 455 

Time of 

draw-off 

Actual draw-off 

volume (L) 

Draw-off 

duration (s) 

Flow rate 

(L/min) 

Storage water temperature (°C) 
Draw-off mixed water 

temperature (°C) 

Energy extracted, 

 QHW𝑗
 (kJ) Before draw-

off (𝑇w,i) 

After draw-off 

(𝑇w,f) 

D
A

Y
 1

 

13:01 8.0 214.0 2.2 39.3 31.3 35.7 554.7 

13:25 4.0 66.3 3.6 35.7 31.6 35.4 282.2 

13:50 4.0 54.8 4.4 35.4 30.9 34.0 310.4 

14:15 4.0 36.7 6.6 34.9 30.7 34.2 285.9 

14:47 8.0 63.4 7.5 35.3 27.8 33.5 520.8 

  28.0 435.2 4.9    1,954.0 

D
A

Y
 2

 

13:01 8.5 217.2 2.4 45.5 36.4 40.8 632.6 

13:25 4.2 42.0 6.0 40.4 36.2 40.3 291.5 

13:50 4.1 54.5 4.6 39.7 35.5 39.4 294.9 

14:15 3.9 64.1 3.7 38.9 34.9 38.9 278.7 

14:40 8.4 82.5 6.1 38.7 29.6 37.2 635.3 

  29.1 460.3 4.5    2,133.1 

  456 
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Table 6 457 

Heat energy delivered by the AFRICaS ICSSWH subsystem for the simulated draw-offs in Scenario 2. 458 

Time of 

draw-off 

Actual draw-off 

volume (L) 

Draw-off 

duration (s) 

Flow rate 

(L/min) 

Storage water temperature 

(°C) Draw-off mixed water 

temperature (°C) 

Energy extracted, 

 QHW𝑗
 (kJ) Before draw-

off (𝑇w,i) 

After draw-

off (𝑇w,f) 

D
A

Y
 1

 

14:55 8.1 110.3 4.4 57.7 45.6 48.4 834.3 

15:20 4.4 59.1 4.4 45.7 40.4 43.6 367.7 

15:45 4.3 50.2 5.1 40.6 36.1 39.2 311.5 

16:10 4.2 57.3 4.4 36.2 32.4 35.0 262.3 

16:35 8.4 93.5 5.4 32.6 27.8 31.0 332.12 

  29.3 370.4 4.7    2,108.0 

D
A

Y
 2

 

14:55 8.5 117.1 4.4 59.8 45.3 51.5 994.6 

15:20 4.2 56.3 4.5 45.6 40.6 43.5 341.4 

15:45 4.0 54.9 4.4 40.7 36.7 39.8 272.6 

16:10 4.2 60.7 4.1 36.9 33.8 36.1 212.7 

16:35 8.5 100.9 5.1 34.0 29.7 32.7 297.3 

  29.3 389.8 4.5    2,118.6 

  459 
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Table 7 460 

Heat energy delivered by the AFRICaS ICSSWH subsystem for the simulated draw-offs in Scenario 3. 461 

Time of 

draw-off 

Actual draw-off 

volume (L) 

Draw-off 

duration (s) 

Flow rate 

(L/min) 

Storage water temperature (°C) 
Draw-off water 

temperature (°C) 

Energy extracted, 

 QHW𝑗
 (kJ) Before draw-

off (𝑇w,i) 

After draw-off 

(𝑇w,f) 

D
A

Y
  
2

 

07:30 8.3 118.9 4.2 29.4 25.7 27.2 258.8 

07:50 2.4 37.0 3.9 25.8 25.2 25.0 46.8 

11:05 2.4 42.7 3.4 30.9 29.5 30.9 102.4 

11:25 2.5 37.8 4.0 32.0 30.4 33.1 108.9 

13:30 2.3 39.4 3.5 44.7 41.6 42.9 212.4 

13:50 2.3 35.6 3.8 44.0 40.8 44.4 222.6 

18:00 2.3 39.8 3.5 52.7 47.1 48.7 389.6 

18:20 8.3 104.4 4.8 47.1 35.8 42.6 781.7 

  30.8 455.5 3.9    2,123.2 

D
A

Y
 3

 

07:30 8.5 115.6 4.4 29.7 25.7 27.1 276.7 

07:50 2.3 38.2 3.7 26.1 25.4 25.4 50.0 

11:00 2.4 36.9 3.9 30.5 29.2 30.5 94.5 

11:20 2.2 36.4 3.7 31.6 30.3 33.1 88.1 

13:30 2.2 36.2 3.7 44.8 41.3 43.3 240.1 

13:50 2.3 36.7 3.8 43.6 40.5 43.9 216.1 

18:00 2.5 40.3 3.7 52.4 46.4 48.6 410.6 

18:20 8.2 98.9 5.0 46.6 37.5 42.9 628.7 

  30.6 439.1 4.0    2,004.9 

462 
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4.2. Electrical demand simulations 463 

Fig. 10 shows measured data for the multi-day experimental simulations performed for the PV 464 

subsystem with the selected PWM (Fig. 10a) and MPPT (Fig. 10b) charge controllers. The 465 

measured average simulated instensity on the two testing days was 696 ± 30 W m2⁄ , and 466 

705 ± 28 W m2⁄  for the PV subsystem with PWM and MPPT charge controller, respectively. 467 

The corresponding measured intensities on the lowest illuminated PV cells were 644 W m2⁄  468 

and 655 W m2⁄ , respectively. Laboratory ambient air temperature varied in the range ~20-27°C 469 

in both experimental simulations. Both PV subsystems supported the electrical load for a period 470 

of 24 hours on Day 1. On Day 2, the PWM charge controller disconnected the load at 20:21 h 471 

during the period of evening peak demand. However, the MPPT charge controller disconnected 472 

the electric load at 05:14 h towards the start of the next morning peak. The ability of the MPPT 473 

charge controller to operate the PV module at a higher voltage (i.e., 14.5-17.0 V) compared to 474 

the battery and load voltages is noticeable (see Fig. 10b) during the 6 h exposure period on both 475 

days. Table 8 compares the performance of the PV subsystem for both charge controllers. The 476 

current flow from the PV module in the MPPT case was lower than in the PWM case in 477 

correspondence to ohm’s law. Experimental data shows that PV current with the PWM charge 478 

controller is 17.8% higher than that with the MPPT controller on Day 1 and 5% higher on Day 479 

2. While this is of benefit for reduced cable losses and higher PV module efficiency, electricity 480 

yield improvement depends on the battery state of charge [59]. 481 

The PV energy yield, 𝐸PV and PV module efficiency, 𝜂PV were higher for the case of PWM 482 

charge controller when starting with a fully charged battery on Day 1 but higher for the case of 483 

MPPT charge controller on Day 2. Overall, the PV subsystem with an MPPT charge controller 484 

yielded higher energy and higher PV efficiency. The total energy supplied to the load was 9.2% 485 

greater for the PV subsystem with MPPT (as compared to the PWM), partly because the MPPT 486 

controller allowed the battery to reach a load disconnect voltage of 10.7 V, whereas the PWM 487 

controller instigated a disconnect voltage of 11.7 V. The MPPT charge controller could be a 488 

good alternative in the formulated AFRICaS PHST prototype, only if the related energy yield 489 

improvement relative to the PWM charge controller is sufficient to justify its unit cost. Further 490 

work is required to enhance this experimental methodology and derive an accurate energy 491 

balance for understanding system-wide energy flows for the PV subsystem. 492 
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  493 
Fig. 10. Voltages (PV module, battery, and load), load profile power, ambient temperature, and 494 

PV cell temperature on two consecutive testing days for the (a) PWM charge controller and (b) 495 

MPPT charge controller cases. 496 
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Table 8 497 

Comparisons of the performance of the PV subsystem with a PWM charge controller and MPPT charge controller. 498 

Performance parameters Unit 

PWM charge controller MPPT charge controller 

DAY1 DAY2 Total PWM DAY1 DAY2 
Total 

MPPT 

Minimum irradiance measured on 

PV module surface (𝐺𝑚𝑖𝑛) 
W m2⁄  644  655  

Energy supply from solar simulator 

for the 6 h exposure period 

(𝐸𝑆im→PV) 

Wh 2,256.8 2,256.8 4,513.6 2,295.4 2,295.4 4,590.7 

PV energy yield (𝐸PV) Wh       280.6             265.5             546.0        269.2             295.9        565.2  

Estimated efficiency of PV module 

(𝜂PV) 
% 12.4 11.8 12.1 11.7 12.9 12.3 

Average PV module temperature 

during the 6 h exposure period 
°C 55.3 53.7 - 53.0 51.7 - 

Maximum PV module temperature °C 57.4 55.6 - 55.8 54.1 - 

Average laboratory ambient air 

temperature during the 6 h exposure 

period 

°C 29.7 26.5 - 26.5 26.8 - 

PV maximum power W         48.4               45.2   -          56.2               55.9   -  

Average PV supply current A 3.48 3.50 - 2.86 3.33 - 

PV maximum voltage V         14.0               12.9   -          16.8               16.8   -  

Battery maximum voltage V         13.8               12.7   -          14.1               12.8   -  

Battery minimum voltage V         11.6               11.2   -          11.7               10.7   -  

Energy supplied to load Wh       668.2             352.5          1,020.8        654.4             470.0     1,124.4  

Implemented load profile Wh       570.0             570.0          1,140.0        564.8            570.0     1,134.8 

499 
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5. Conclusion 500 

This study develops an experimental methodology to evaluate a proposed Asymmetric Formed 501 

Reflector with Integrated Collector and Storage (AFRICaS) Partially Hybridised Solar 502 

Technology (PHST) prototype targeting the hot water and electricity demands of rural Sub-503 

Saharan Africa households. The thermal energy output of the AFRICaS ICSSWH subsystem 504 

was  2,073.7 ± 75.1 kJ per day when supporting a daily hot water demand of 28 L, typical for 505 

a rural off-grid 4-person household in Sub-Saharan Africa. The solar thermal conversion 506 

efficiency for the different hot water draw-off experiments ranged from 28.0% to 30.6% with 507 

an average value of 29.4 ± 1.0%. On average, the PV subsystem electrical yield and PV 508 

module efficiency was 273 Wh/day at 12.1% and 283 Wh/day at 12.3%, with the PWM and 509 

MPPT charge controller, respectively. The study found that in general a single AFRICaS 510 

ICSSWH prototype can deliver hot water at a consistent temperature during the day and satisfy 511 

the electrical energy demand of a typical rural household. The methodology has important 512 

future implications to test standards for guiding laboratory-based evaluation of Solar Home 513 

Systems (SHSs) for electricity and domestic hot water. While the results provide a better 514 

understanding of the likely performance of the presented AFRICaS PHST prototype, the 515 

method could be extended with appropriate instrumentation to enable an accurate determination 516 

of system-wide energy flows and energy balance. The thermal and electrical energy yields 517 

derived from the tests on the AFRICaS PHST prototype are valuable baselines for performing 518 

future techno-economic predictions to support the case for potential commercial deployment in 519 

off-grid Sub-Saharan African households. Further research may improve the current test 520 

methodology as regards measuring and ensuring a consistent initial battery charge state so that 521 

comparison tests can be undertaken fairly.  522 
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