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Abstract 12 

The application of solar air collector (SAC) in rural residence is beneficial to the 13 

realization of clean heating in rural areas and improvement of the thermal comfort in 14 

the rural residence, but the available covered area for the SAC on the south wall of rural 15 

residence is limited. In this research, a novel triangular solar air collector (TSAC) with 16 

a tilted transparent cover plate is proposed. With the same south wall covered area, the 17 

TSAC can receive more solar irradiance, which improves the heat collecting power. A 18 

mathematical model of the TSAC is established. Experiments are conducted to validate 19 

the model. The performances of the TSAC and the flat plate solar air collector (FSAC) 20 

with the same perforated corrugated absorber (PCA) are compared and analyzed under 21 

different operation conditions. Results indicate that: (1) The collecting power per unit 22 

south wall covered area (CPUWA) of the TSAC with the 60° transparent cover plate 23 

(TSAC 60°) is 100 ~ 130 W/m2 higher than that of the FSAC. (2) The thermal efficiency 24 



of the TSAC increases faster with the increase of solar irradiance, due to the large area 25 

of transparent cover plate. (3) During the heating period, the heat collection capacity 26 

and solar fraction of the TSAC 60° are 24.3% and 11.7% higher than those of the FSAC, 27 

respectively.  28 
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Nomenclature 
A surface area (m2) 
Awall south wall covered area of collector (m2) 
cp specific heat capacitance (J/(kg·K)) 
d thickness (m) 
hconv convective heat transfer coefficient (W/(m2·K)) 
hrad radiant heat transfer coefficient (W/(m2·K)) 
Ib beam solar irradiance (W/m2) 
Id diffuse solar irradiance (W/m2) 
Ig global solar irradiance (W/m2) 
M mass (kg) 
m mass flow rate (the product of the flow rate and density) (kg/s) 
P porosity factor (-) 
Qc heat collecting capacity (J) 
Qh heat loos of the rural residence (J) 
Qu net heat gain (W) 
Qwall heat collecting power of per unit south wall covered area (W/m2) 
qconv convective heat transfer (W) 
qrad radiant heat transfer (W) 
D aperture (m) 
Sb beam solar irradiance absorbed (W) 
Sd diffuse solar irradiance absorbed (W) 
T temperature (℃) 
u the velocity in the x direction (m/s) 
V volume (m3) 
Vair flow rate (m3/h) 
vin inlet air velocity (m/s) 
venv wind speed (m/s) 
Subscripts 



ab absorber 
air recirculated air 
env environment 
ho insulation housing 
in inlet 
out outlet 
tcp transparent cover plate 
Greek symbols 
α absorptivity (-) 
β inclination angle (°) 
ε emissivity (-) 
ηt thermal efficiency (%) 
λ thermal conductivity coefficient (W/(m·K)) 
τ time (s) 
τt transmittance of transparent cover plate (-) 
Abbreviations 
TSAC triangular solar air collector 
FSAC flat plate solar air collector 
CPUWA collecting power per unit south wall covered area 
PCAs perforated corrugated absorbers 

1. Introduction 32 

In rural areas of northern China, the traditional coal-fired heating is gradually 33 

replaced by clean energy to reduce the emissions of pollutants in winter (Deng et al., 34 

2021). The solar air collector (SAC) is widely adopted in rural residence as an auxiliary 35 

heating measure (Hu et al., 2018), due to its advantages in simple-structure, low-costs 36 

and durability. As the air is taken as the heat transfer fluid, the risks of freezing and 37 

leakage are avoided (Zhang et al., 2021). The SAC is easy to integrate with the wall to 38 

improve the insulation performance of the rural residence (Zhao et al., 2020).  39 

Recent studies on the SAC were mainly focused on improving the thermal 40 

performance by absorber surface modifications, multi-channel of air, porous absorber 41 

and air jet impingement absorber (Vengadesan and Senthil, 2020; Kumar et al., 2019). 42 

Li et al. (2017) compared the heat transfer coefficient of the sinusoidal corrugated 43 



absorber, protrusion absorber, sinusoidal corrugated and protrusion absorber. Results 44 

show that the heat transfer coefficient increases with the increase of the absorber surface 45 

roughness. Singh et la. (2021) proposed the absorber with small cylindrical tubes, which 46 

significantly increased the exhaust air temperature of SAC compared to the flat plate 47 

type absorber. Tuncer et al. (2020) designed a quadruple-pass solar air collector, and 48 

the mean thermal efficiency is within the range of 71.63 ~ 80.66%. Razak et al. (2019) 49 

presented a novel porous absorber with compact cross-matrix absorber incorporating 50 

metal hollow square-tube absorbers, and the effect of square-tube arrangement on 51 

collector performance was studied. Singh et al. (2020) proposed a double-corrugated 52 

plate SAC, of which the thermal performance improved by circulating jet impingement. 53 

Shetty et al. (2021) designed a SAC with circular perforated absorber, the laminar 54 

viscous layer was eliminated by jet impingement and the thermo-hydraulic performance 55 

was improved. In the above measures, porous absorber and air jet impingement 56 

absorber were considered to be effective approaches to improve the thermal 57 

performance of SAC. 58 

In addition, Kenna et al. (1983) proposed the transpired SAC, which has the 59 

advantages in both porous absorber and air jet impingement absorber. The perforated 60 

absorber of the transpired SAC significantly enhances the convective heat transfer and 61 

increases the collector efficiency (Gao et al., 2020). The transpired SAC can be 62 

classified as the unglazed transpired collectors (UTC) and the glazed transpired 63 

collectors (GTC) (Kumar, 2020). The GTC is considered to be prospective in colder 64 

regions (Saxena et al., 2015). Gao et al. (2020) proposed a GTC with non-uniform 65 



perforated corrugated absorber (PCA), and the thermal efficiency is 20% higher than 66 

the traditional collector. Li et al. (2016) designed a slit-like perforated absorber GTC, 67 

and the effect of key parameters on the net heat gain were studied. Zhang et al. (2018) 68 

presented a SAC combining the GTC and corrugated packing. The effective efficiency 69 

can reach 67.83%, when the air velocity in the collectors is 1.14 m/s. Zhou et al. (2020) 70 

designed a GTC and hollow ventilated interior wall coupling system suitable for 71 

residential buildings on Tibetan Plateau, and the coupling system could provide thermal 72 

energy for residential buildings at nighttime. Zhang et al. (2016) applied the GTC to 73 

rural areas of northeast China, and the results showed that the GTC can effectively 74 

improve the indoor thermal comfort and reduce indoor environmental pollution in cold 75 

areas. Hence, the heat transfer efficiency of the GTC is higher and it is considered as a 76 

suitable measure for clean heating in rural residence. 77 

Studies on the modeling and simulation are essential for performance 78 

enhancement of the SAC (Saxena et al., 2020a). Badescu et al. (2019) established a 79 

one-node model to analyze the performance of SAC. The instantaneous indicators and 80 

variability factors were defined to represent the deviations between the instantaneous 81 

and the global values of efficiency and performance coefficient. Sun et al (2016) 82 

proposed a mathematical model of the coupled momentum and energy for the SAC. 83 

The finite-difference approach is adopted to solve the model. Demou and Grigoriadis 84 

(2018) established a one-dimensional model for the SAC, considering the 85 

meteorological parameters, collector materials, geometric parameters and orientation. 86 

They calculated the operating temperatures and heat transfer rates of the collector using 87 



the one-dimensional model during a whole heating period. Lin et al. (2020) established 88 

the mathematical model of SAC with corrugated absorber. The effects of absorber 89 

surface absorptance, opening angle, collector geometry parameters on the performances 90 

were analyzed. Zheng et al. (2016) proposed a GTC with the PCA, and a multivariable 91 

one-dimensional mathematical model was established based on the energy balance 92 

equation, to study the influences of the key parameters on the collector performance. 93 

Previous studies mainly focus on the performance improvement of the flat plate 94 

solar air collector (FSAC). However, the area available for covering the SAC on the 95 

south wall is limited, receiving more solar irradiance with limited south wall area is the 96 

key to the application of the SAC in rural residence. In this paper, a novel triangular 97 

solar air collector (TSAC) combining the GTC and the PCA is proposed. In the 98 

proposed TSAC, the tilted transparent cover plate is adopted to receive more solar 99 

irradiance. Compared with the FSAC installed at the same tilt, the TSAC has larger heat 100 

exchange area to increase the thermal performance and is feasible to be integrated with 101 

the wall to improve the insulation performance of the rural residence. The dynamic 102 

model of TSAC is established and validated by experiments. The collecting power per 103 

unit south wall covered area (CPUWA), thermal efficiency, heat collecting capacity of 104 

the heating period and solar fraction of the TSAC and FSAC with the same PCA are 105 

compared under different conditions. The main contributions of this study include three 106 

parts: (1) A novel TSAC with tilted transparent cover plate was proposed; (2) The 107 

dynamic mathematical model was established; (3) The novel TSAC and conventional 108 

FSAC were compared and studied. 109 



2. Methods 110 

2.1 The TSAC structure 111 

Structure of the TSAC with PCAs is shown in Fig. 1. The TSAC is orientated to 112 

south, and the inclination angle of tilted glass cover is 60° which can penetrate more 113 

solar irradiance. The PCAs can enhance the turbulent intensity and improve the heat 114 

transfer efficiency as the laminar boundary on its surface is destructed by porosity and 115 

corrugated structure. The porosity factor of the PCAs is 0.085, and the aperture is 4 mm. 116 

To improve the utilization of solar energy, the PCAs are coated with black chromium 117 

deposition and the absorption could reach 0.92. In addition, the PCAs are divided into 118 

three parts, the inclination angles are 30°, 120°, and 52° to ensure that the PCAs can 119 

receive solar irradiation from sunrise to sunset, and the three parts of PCAs don’t block 120 

each other. When the TSAC is working, the PCAs will be heated by the solar irradiance. 121 

The recirculated air will be drawn from the indoor into the TSAC, which goes through 122 

the PCAs and exchanges heat with it. The heated air finally returns the room through 123 

the air outlet. To minimize the heat loss of TSAC to the environment, the sides, backs 124 

and undersides of the TSAC were fitted with insulation material. The geometric and 125 

physical parameters of the TSAC were listed in Table 1. 126 

Table 1 The geometric and physical parameters of the TSAC. 127 

TSAC Section size: 2.4×2.1×1.2 (m×m×m), width: 0.7 (m) 

Inlet duct Section size: 0.15×0.4 (m×m), length: 0.6 (m) 

Outlet duct Section size: 0.2×0.2 (m×m), length: 0.6 (m) 

Transparent cover plate  Materials: Polycarbonate;  

 Size: 2.4×0.7×0.004 (m×m×m) 



 Physical parameter: λtcp=0.2 (W/(m·K)); τt=0.82; αtcp=0.1; εtcp=0.67 

Perforated corrugated  Materials: Stainless steel 

absorber Size: 0.65/0.80/1.39×0.7×0.00015 (m×m×m);  

 Physical parameter: λab=14.8 (W/(m·K)); αab=0.92; εab=0.2;  

Insulation housing  Materials: Polystyrene board and galvanized sheet 

 Physical parameter: λho=0.028 (W/(m·K)); εho=0.1 

 128 

Fig. 1. Structure of the TSAC.  129 

2.2 Assumptions 130 

The following assumptions are considered to establish the mathematical model of 131 

the TSAC: 132 

(1) The temperature and pressure have little change in the TSAC, and the density 133 

of recirculating air is constant; 134 

(2) The recirculating air velocity is evenly distributed on the TSAC cross sections; 135 

(3) The thermal properties of the recirculating air, insulation housing, PCA, and 136 

transparent cover plate are temperature independent; 137 

(4) The heat losses between the insulation housing and the external environment 138 

are ignored. 139 



2.3 Mathematical model 140 

A one-dimensional model is established along the height direction of TSAC. The 141 

energy conservation equations for insulation housing, transparent cover plate, PCA, and 142 

four parts of recirculation air separated by PCA are considered. The heat transfer 143 

includes the internal heat conduction of TSAC solid parts (including insulation housing, 144 

transparent cover plate, PCA), the irradiance heat transfer between the TSAC solid parts, 145 

the convection heat transfer of recirculating air, the convection heat transfer between 146 

recirculating air and TSAC solid parts, and the convection and irradiance heat transfer 147 

between transparent cover plate and the external environment. These heat transfer 148 

processes are shown in Fig. 2. The diffusion terms of the recirculation air conservation 149 

equations along the flow direction are ignored. 150 

Energy conservation equation for the transparent cover plate can be expressed as: 151 

(1) 152 

Energy conservation equation for the PCA can be formulated as: 153 

      (2) 
154 

Energy conservation equation for the insulation housing can be derived as: 155 

                    (3) 
156 

Energy conservation equation for the recirculation air can be written as: 157 

               
158 

(4) 
159 

tcp tcp
tcp p.tcp tcp tcp b.tcp d.tcp conv.tcp-env conv.tcp-air rad.tcp-env rad.tcp-ab rad.tcp-ho

T T
M c V s s q q q q q

xt
¶ ¶

= l + + + + + + +
¶ ¶

2

2

2
ab ab

ab p.ab ab ab b.ab d.ab conv.ab-air conv.hole rad.ab-tcp rad.ab-ho rad.ab-ab2 +T TM c V s s q q q q q
xt

¶ ¶
= l + + + + + +

¶ ¶

2
ho ho

ho p.ho ho ho conv.ho-air rad.ho-tcp rad.ho-ab rad.ho-ho2

T TM c V q q q q
xt

¶ ¶
= l + + + +

¶ ¶

air air air
air p.air air p.air conv.ho-air conv.hole conv.tcp-air conv.ab-air

( ) +T u TM c M c q q q q
xt

¶ ¶
+ = + +

¶ ¶



The irradiance heat transfer between the TSAC solid parts is calculated using the 160 

Kirchhoff’s law of irradiance, and the heat transfer between other parts is calculated as: 161 

                                          (5) 162 

                                           (6) 163 

                      (7) 164 

                                       (8) 165 

                                         (9) 166 

                                           (10) 167 

The heat transfer coefficients between the transparent cover plate and environment, 168 

the  and  are proposed by Watmuff et al. (1977) and Kumar et al. 169 

(2009). The convective heat transfer coefficients ,  and  170 

are proposed by Leon and Kumar (2007). The convective heat transfer coefficient of 171 

recirculating air through the PCA,  is proposed by Vandecker et al. (2001). 172 

The boundary conditions of the mathematical model are , 173 

, and the variations of environmental temperature Tenv, wind 174 

speed venv, solar irradiance Ig with time are considered. The initial conditions of the 175 

mathematical model are listed below:  176 
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 178 

Fig. 2. The heat transfer relationships of TSAC.  179 

2.4 Numerical method 180 

The temperatures of TSAC solid parts are solved iteratively. The diffusion terms 181 

of the energy conservation equation are discretized by the central difference scheme. 182 

The first-order upwind scheme is adopted to discretize the convective terms. The 183 

unsteady terms are discretized by the fourth-order Runge-Kutta integration. The 184 

flowchart of the numerical method is shown in Fig. 3. 185 



 186 

Fig. 3 Flowchart of the numerical method. 187 

2.5 Evaluation indices 188 

The south wall covered area and material of the TSAC and FSAC compared are 189 

the same. The only difference is that the transparent cover plate of the TSAC is tilted. 190 

Furthermore, in order to study the effect of the inclination angle of the transparent cover 191 
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plate on the performance of the TSAC, the inclination angle of 60° (TSAC 60°) and 75° 192 

(TSAC 75°) are compared.  193 

To evaluate the performance of the three collectors, the thermal efficiency ηt (Fan 194 

et al., 2020), heat collecting capacity Qc (Yu et al., 2020), solar fraction SF (Acuna et 195 

al., 2017) and the CPUWA Qwall are defined as follows. 196 

                              (11) 197 

                                      (12) 198 

                                     (13) 199 

                                         (14) 200 

The heat loss of the rural residence (Qh) is simulated by EnergyPlus. Geometric 201 

and physical parameters of the rural residence are listed in Table 2. 202 

Table 2 Geometric and physical parameters of the rural residence. 203 

Rural residence  Size: 3×4.7×4.7 (m×m×m) 

 Heat transfer coefficient: 0.35 (W/(m2·K)) 

Window Window-wall ratio: 0.3 

 Position: The south wall of rural residence 

 Heat transfer coefficient: 2.8 (W/(m2·K)) 

Door  Size: 2.3×1 (m×m) 

 Position: The south wall of rural residence 

 Heat transfer coefficient: 2.5 (W/(m2·K)) 

 204 
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3. Model validation 206 

3.1 Experimental system 207 

An experimental system was setup to test the performance of the proposed TSAC 208 

and validate the mathematical model. The photograph of the TSAC experimental rig is 209 

depicted in Fig. 4. The experimental system mainly includes the TSAC, a thermostatic 210 

air tank and a draught fan. The air inlet and outlet of the TSAC were extended into the 211 

thermostat air tank. The draught fan was installed at the air outlet and the maximum air 212 

flow rate was 980 m3/h. The air flow was controlled by adjusting the fan speed.  213 

 214 

Fig. 4. Sketch and photograph of experimental rig for TSAC 215 



During the test, the inlet temperature Tin, outlet temperature Tout and the inlet air 216 

velocity vin of the TSAC were monitored. The environmental temperature Tenv, wind 217 

speed venv, global solar irradiance Ig and diffuse solar irradiance Id were monitored every 218 

5 seconds. The pyranometer had the same inclination angle as the TSAC, and the diffuse 219 

irradiance pyranometer was fitted with a shielding ring. The monitoring instrument of 220 

the environmental temperature was placed in a white louver box to avoid the effect of 221 

solar irradiance on the measurement accuracy. After changing the test condition, the 222 

data were recorded as the collector operates at least 20 minutes. The ranges and 223 

uncertainties of measuring instruments were listed in Table 3. The uncertainty of the 224 

recirculation air net heat gain Qu was calculated according to the equation proposed by 225 

Kashif et al. (2020), and it could be converted into Eq. (15). 226 

              (15) 227 

where EQu, Δvin, ΔTin, ΔTout were the uncertainty of the recirculation air net heat gain, 228 

inlet air velocity, inlet temperature and outlet temperature, respectively. During the test, 229 

the average uncertainty of the recirculation air net heat gain was 12.3%. 230 

Table 3 Ranges and uncertainties of measuring instruments. 231 

Parameters Instruments Ranges Uncertainties 

Tin, Tout T-type sheathed thermocouple -50 ~ 150 ℃ ±0.5 ℃ 

vin Testo-405i hotwire probe 0 ~ 30 m/s ±0.1 m/s 

Tenv Hygrometer self - recorder -35 ~ 150 ℃ ±0.5 ℃ 

venv Testo-405i hotwire probe 0 ~ 30 m/s ±0.1 m/s 

Ig, Id TBQ-2-B pyranometer 0 ~ 1400 W/m2 ±2% 
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3.2 Experimental results and model validation  232 

During the test, the inlet air temperature and flow rate were varied. The range of 233 

inlet air temperature Tin and flow rate Vair were maintained at 12 ~ 18 ℃ and 130 ~280 234 

m3/h, respectively. Comparison between the tested and predicted values of the outlet 235 

temperature Tout and the recirculation air net heat gain Qu at different inlet conditions 236 

were depicted in Fig. 5. When the flow rate was maintained constant at 201.7 m3/s, the 237 

average relative errors of the outlet temperature and the net heat gain were 3.1% and 238 

7.1%, the maximum relative errors were 4.6% and 10.8%. When the inlet air 239 

temperature was maintained constant at 14.5 ℃, the average relative errors of the outlet 240 

temperature and the net heat gain were 2.7% and 5.6%, the maximum relative errors 241 

were 6.0% and 10.8%. The tested and predicted results show satisfied agreements, 242 

which indicates the reliability of the proposed mathematical model.  243 
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 245 

Fig. 5. Comparison between tested and predicted results at different (a) inlet air temperature, and 246 

(b) flow rate.  247 

4. Result and discussion 248 

The effect of operation and environmental parameters on the performances of the 249 

TSAC 60°, TSAC 75° and FSAC are compared using the mathematical model. And the 250 

following parameters were maintained constant: Tin = 14.5 ℃, Vair = 144 m3/h, Tenv 251 

=1.85 ℃, venv = 2 m/s, Ib = 600 W/m2, Id =150 W/m2. 252 

4.1 Effects of operation parameters 253 

Effects of the inlet air temperature on the performances of the three collectors are 254 

compared as shown in Fig. 6. With the increase of the inlet air temperature, the 255 

recirculation air temperature in the collector and the outlet increases. Therefore, the 256 

convection and radiant heat loss to the environment through the transparent cover plate 257 

increase, while the thermal efficiency decreases. The inlet temperature is linearly 258 

related to the outlet temperature and thermal efficiency. Thermal efficiency of the 259 
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TSAC decreases faster as the area of transparent cover plate is large, which can be 260 

compensated by using the double transparent cover plate. The thermal efficiency of the 261 

FSAC is 0.6% higher than that of TSAC. Due to the increased area of transparent cover 262 

plate, the average outlet temperature of TSAC 60° is 2.2 ℃ and 3.9 ℃ higher than that 263 

of TSAC 75° and FSAC. The CUPWA decreases as the thermal efficiency descends. 264 

The average CPUWA of TSAC 60° is 71.9 W/m2 and 127.2 W/m2 higher than that of 265 

the TSAC 75° and FSAC, respectively.  266 

 267 
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Fig. 6. The effect of air inlet temperature on (a) outlet temperature and thermal efficiency, and (b) 269 

heat collecting power of per unit south wall covered area. 270 

Fig. 7a and b show the effect of the flow rate on the performances of the three 271 

collectors. With the increase of the flow rate the outlet air temperature decreases, but 272 

the convective heat transfer coefficient increases. The thermal efficiencies of the TSAC 273 

75° and FSAC increase slightly, caused by a compromising consequence of the decrease 274 

in outlet temperature and increase in transfer coefficient. Whereas the TSAC 60° has a 275 

larger cross-sectional area, and a smaller flow velocity and convective heat transfer 276 

coefficient, therefore, the thermal efficiency decreases. With the flow rate increasing 277 

from 140 to 248 m3/h, the average outlet temperature of the TSAC 60° is 1.3 and 2.6 ℃ 278 

higher than those of the TSAC 75° and FSAC. The CPUWA is linearly related to the 279 

thermal efficiency. Considering the thermal comfort, the outlet temperature should not 280 

be too low. Assume the outlet temperature is 26 ℃, the corresponding CPUWA of the 281 

TSAC 60° is 53.3 and 107.2 W/m2 higher than those of the TSAC 75° and FSAC, 282 

respectively.  283 



 284 

 285 

Fig. 7. The effect of flow rate on (a) outlet temperature and thermal efficiency, and (b) heat 286 

collecting power of per unit south wall covered area. 287 

4.2 Effects of environmental parameters 288 

The effects of environmental temperature on the performance of the three 289 

collectors are illustrated in Fig. 8. The environmental temperature is linearly related to 290 

the outlet temperature and thermal efficiency. With the increase of environmental 291 

temperature, the heat loss through the transparent cover plate decreases. Due to the large 292 
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area of the transparent cover plate, the TSACs are susceptible to the variation of 293 

environmental temperature, hence, the outlet temperature and thermal efficiency 294 

increase rapidly. It is noticed that the thermal efficiency increment of the TSAC 75° is 295 

larger than that of the TSAC 60°, since the air flow velocity and the convective heat 296 

transfer coefficient in the TSAC 75° is larger, which is more susceptible to 297 

environmental temperature than that of the TSAC 60°. When the environmental 298 

temperature is higher than 2 ℃, the thermal efficiency of the TSAC 75° is higher than 299 

that of the TSAC 60° and the FSAC. This indicates that for rural areas with higher 300 

average winter temperature, a larger inclination angle of the TSAC is applicable.  301 
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 303 

Fig. 8. The effect of environmental temperature on (a) outlet temperature and thermal efficiency, 304 

and (b) heat collecting power of per unit south wall covered area. 305 

The effects of the wind speed on the performances of the collectors are shown in 306 

Fig. 9. With the increase of the wind speed, the heat loss of the collector increases due 307 

to the strengthen of the convective heat transfer between the transparent cover plate and 308 

the environment, hence, both of the outlet temperature and thermal efficiency decrease. 309 

As the wind speed only reduces the thermal resistance on the outer surface of the 310 

transparent cover plate, the change rate of outlet temperature and thermal efficiency 311 

decreases when the wind speed is high. The thermal efficiency decrement of the TSAC 312 

75° is larger than that of the TSAC 60°, as it’s more sensitive to the wind speed than 313 

the TSAC 60°. When the wind speed increases from 0 to 4 m/s, the outlet temperatures 314 

of the TSAC 60° and TSAC 75° decrease by 1.4 and 1.9 ℃, respectively. The thermal 315 

efficiencies decrease by 5.6% and 8.5%, respectively. The outlet temperature of the 316 

FSAC decreases by 0.4 ℃, and the thermal efficiency decreases by 1.9%. Therefore, 317 

wind speed has little effect on the thermal performance of the FSAC. For rural areas 318 
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with high wind speeds, appropriate measures should be taken to reduce TSAC heat loss 319 

through the transparent cover plate.  320 

 321 

 322 

Fig. 9. The effect of wind speed on (a) outlet temperature and thermal efficiency, and (b) heat 323 

collecting power of per unit south wall covered area. 324 

The effects of the beam and diffuse solar irradiance on the performances of 325 

collectors are illustrated in Fig. 10a, b and c. As shown in Fig. 10a and b, the thermal 326 

efficiency and the outlet temperature increase as the beam solar irradiance enhances, 327 
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which is due to the enhancement of the convective heat transfer between PCA and 328 

recirculation air. However, the convective and radiant heat loss of the transparent cover 329 

plate to the environment also increases, which leads to the increment of thermal 330 

efficiency reduces gradually. The TSAC has a larger area of transparent cover plate, 331 

which leads to its susceptibility of outlet temperature and thermal efficiency to the beam 332 

solar irradiance, thus the increment is larger. As the beam solar irradiance increases 333 

from 400 to 800 W/m2, the thermal efficiencies of the TSAC 60°, TSAC 75° and FSAC 334 

increase by 6.9%, 6.0% and 3%. When the beam solar irradiance is higher than 700 335 

W/m2, the thermal efficiencies of the two TSACs are higher than that of the FSAC. For 336 

rural areas with abundant solar resources, the TSAC is superior. The CPUWA is linearly 337 

related to the beam solar irradiance. Within the above range, The CPUWA growth rate 338 

of the TSAC 60° is 15.0% and 33.4% higher than that of the TSAC 75° and FSAC, 339 

respectively.  340 

The global solar irradiance is composed of beam irradiance and diffuse irradiance. 341 

Even on clear days, the diffuse irradiance can account for 10% to 30% (Fan et al., 2019). 342 

As shown in Fig. 10c, the effect of the diffuse solar irradiance on the performances of 343 

the collectors is similar to that of the beam irradiance. With the diffuse solar irradiance 344 

increases from 50 to 250 W/m2, the outlet temperature and thermal efficiency of the 345 

TSAC 60° are increased by 5.1 ℃ and 5.9%, respectively. Hence, when the proportion 346 

of the diffuse solar irradiance is high, the effect of diffuse irradiance on the thermal 347 

performance of the collector should be considered, especially for the TSAC with a large 348 

transparent cover plate area. 349 
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 352 

Fig. 10. The effect of beam (a) (b) and diffuse (c) solar irradiance on outlet temperature, thermal 353 

efficiency, and heat collecting power of per unit south wall covered area. 354 

The meteorological parameters of January 15 in a typical year of Tianjin, China 355 

(39.98 °N, 117.38 °E) were adopted for performance analysis of the collectors, as 356 

shown in Fig. 11a. The maximum global solar irradiance is 663 W/m2, the wind speed 357 

fluctuates between 0 ~ 3 m/s, and the environmental temperature is between -3.3 ~ 358 

0.3 ℃. As is shown in Fig.12b, under the effect of solar irradiance, the outlet 359 

temperature and thermal efficiency fluctuate greatly at 11:50 and reach the maximum 360 

value at 12:10. From 10:00 to 15:30, the average outlet temperature of the TSAC 60°, 361 

TSAC 75° and FSAC are 23.0, 22.5 and 22.2 ℃, respectively. The outlet temperature 362 

of the FSAC is slightly higher than that of the TSAC 60° and TSAC 75° before 10:30 363 

and after 14:30, but the TSAC 60° is the highest in other periods. The thermal efficiency 364 

of the FSAC is higher than TSAC, due to the lower solar irradiance during the period. 365 

The thermal efficiency of the FSAC has a small change, as the FSAC has a small area 366 

of transparent cover plate, hence it is less affected by the wind speed and environmental 367 
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temperature. As shown in Fig.12c, the average CPUWA of the TSAC 60°, TSAC 75° 368 

and FSAC are 267.1, 249.8 and 241.9 W/m2, respectively, and the maximum values are 369 

416.6, 380.4 and 341.9 W/m2 at 12:00, respectively. 370 
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 373 

Fig. 11. The (b) outlet temperature and thermal efficiency, and (c) heat collecting power of per unit 374 

south wall covered area on (a) actual operating conditions. 375 

4.3 Heat collecting capacity of heating period 376 

Monthly heat collecting capacities of the collectors during the heating period are 377 

show in Fig 12. The heat collection capacity of the TSAC 60° is the largest. In 378 

December and January, the heat collection capacity of the TSAC 75° is slightly lower 379 

than that of the FSAC, due to the low environmental temperature and solar altitude. The 380 

heat collecting capacities of the TSAC 60°, TSAC 75° and FSAC are 1425.6, 1229.6 381 

and 1116.9 MJ, respectively. The heat collection capacity of the TSAC 60° is 14.8% 382 

and 24.3% higher than that of the TSAC 75° and FSAC, respectively. Assuming the life 383 

cycle of the collectors to be 10 years (Saxena et al., 2020b) and the calorific value of 384 

standard coal is 29.271MJ/kg, the standard coal savings of the TSAC 60°, TSAC 75° 385 

and FSAC are 487.0, 420.1 and 381.6 kg, and the CO2 emission can be reduced by 386 

1214.3, 1047.2 and 951.4 kg, respectively, and the TSAC has clear advantage for 387 
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reducing CO2 emission.  388 

 389 

Fig. 12. Comparison of heat collecting capacity in heating period. 390 

In addition, the TSAC is more economical than FSAC. The Annual cost (AC) of 391 

the TSAC 60° and FSAC are calculated with the methodology introduced by Saxena et 392 

al. (2020b). The economic analyses are shown in Table 4. The initial capital investment 393 

of the FSAC is $77, while the TSAC 60° is slightly higher than the FSAC, as it requires 394 

more materials. The annual heat collecting capacity of the TSAC 60° is 1425.6 MJ, 395 

equivalent to saving 462 kWh electric energy. Considering that the electricity price in 396 

China is $0.11/kWh (Wu et al., 2020), the interest rate (i) is 0.05 and the life cycle of 397 

collectors (n) is 10 years. The TSAC 60° can save $32.8 after annual cost is removed, 398 

and saves $9.10 more than FSAC during a heating period. 399 

       (16) 400 

Table 4 Economic analyses of TSAC 60° and FSAC. 401 
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Initial capital investment (CI) $80 $77 

Amount of annual energy saving 396 kWh 310 kWh 

Cost of annual energy saving  $43.56 $34.10 

Annual cost (AC) $10.76 $10.36 

Annual capital cost (ACC)  $10.36 $9.97 

Annual maintenance cost (AMC)  $1.04 $1.00 

Annual salvage value (ASV) $0.64 $0.61 

Net annual saving $32.80 $23.74 

4.4 Solar fraction for rural residence 402 

The solar fraction of the collectors and heat loss for rural residence during the 403 

heating period are shown in Fig. 13. The design indoor temperature of the rural 404 

residence is 14.5 ℃. The residence area in the case study is 22 m2, which is 15 times of 405 

the collector south wall covered area. In December and January, the environmental 406 

temperature and solar irradiance are low, but the heat loss of rural residence is large, 407 

which leads to the low solar fraction. After January, the solar fraction of the TSAC is 408 

significantly higher than that of the FSAC, which contributes to the increase of the 409 

environmental temperature and solar altitude. Thermal efficiency of the TSAC is 410 

susceptible to the environmental temperature, and the tilted transparent cover plate can 411 

receive more solar irradiance at a large solar altitude. During the whole heating period, 412 

the average solar fraction of the TSAC 60°, TSAC 75° and FSAC are 43.5%, 39.3% 413 

and 33.6%, respectively. The solar fraction of the TSAC 60° is 6% and 11.7% higher 414 

than that of the TSAC 75° and FSAC. 415 
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 418 

Fig. 13. The solar fractions and heat loss of (a) TSAC 60°, (b) TSAC 75° and (c) FSAC for rural 419 

residence. 420 

The main factors affecting the solar fraction include the indoor design temperature 421 

and residence area. Fig. 14 depicts the effects of the indoor design temperature, and the 422 

ratio of the residence area to collector south wall covered area on the average solar 423 

fraction of heating period. As shown in Fig. 14a, with the rise of indoor design 424 

temperature, the solar fraction decreases. This is because of that the rise of building 425 

heat losses, and the decrease of collector efficiency caused by inlet air temperature. 426 

When the indoor design temperature is 13 ℃, the maximum solar fractions of the TSAC 427 

60°, TSAC 75° and FSAC are 56.7%, 49.5% and 41.4%. As shown in Fig. 15b, with 428 

the rise of residence area, the solar fraction decreases due to the rise of building heat 429 

losses. If the TSAC 60° serves as an auxiliary heating equipment and the heat collecting 430 

capacity reaches 50% of the rural residence heat loss, the heating area of the rural 431 

residence should not exceed 15 times of the TSAC 60° south wall covered area. 432 
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 433 

 434 

Fig. 14. The effects of the (a) indoor design temperature, and (b) the ratio of the residence area to 435 

collector south wall covered area on the solar fraction. 436 

5. Conclusions 437 

To improve the CPUWA of the SAC, a novel TSAC with a tilted transparent cover 438 

plate is designed, which can receive more solar irradiance under the same south wall 439 

covered area. The mathematical model of the TSAC is developed and verified by 440 

experimental results. The thermal efficiency, CPUWA, heat collecting capacity and 441 
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solar fraction of the TSAC 60° TSAC 75° and FSAC are compared under different 442 

operational and environmental conditions. The main conclusions are drawn as follows: 443 

(1) The maximum relative errors of the simulated and tested outlet temperature 444 

and net heat gain are 6.0 % and 10.8%, respectively. The tested and predicted 445 

results exhibited good agreements, which indicates that the proposed 446 

mathematical model was reliable. 447 

(2) Under different operational and environmental conditions, the average outlet 448 

temperature and CPUWA of the TSAC 60° are higher than those of the TSAC 449 

75° and FSAC. The heat collection capacity of the TSAC 60° is 14.8% and 450 

24.3% higher than that of the TSAC 75° and FSAC. 451 

(3) The TSAC is more susceptible to the variation of environmental conditions, 452 

the thermal efficiency of the TSAC is higher than that of the FSAC, when the 453 

environmental temperature and irradiance are higher, and the wind speed is 454 

lower. 455 

(4) During the heating period, the solar fraction of the TSAC 60° is 6% and 11.7% 456 

higher than that of the TSAC 75° and FSAC.  457 

This study shows significance in increasing heat collecting power of solar air 458 

collector under per unit south wall covered area, and the results contribute to promoting 459 

the application of solar air collector in the auxiliary heating of rural residence. In the 460 

near future, the absorber structure and the optical properties of the triangular solar air 461 

collector should be further studied, and flat plate solar air collector of equal aperture 462 

area installed at the same tilt as the triangular solar air collector are intended to be 463 



compared. 464 
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