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Secondly, the expressions for convective heat transfer coefficients are only validated 

by experimental results of surface parallel wind speeds ranging from 0.9m/s to 3.5m/s. At 

higher or lower wind speeds or with different incoming wind directions, the expressions 

may no longer apply, and surface convective loss could be over or under-estimated. As 

shown in Table 5.3, the average wind speeds experienced by Nordic cities are slight 

above the validated range, and a more suitable expression for convective heat transfer 

coefficients at high wind speed (>3.5m/s) is needed for better model accuracy.  

5.5.2 Annual Potential for Three Northern Cities 

Annual analyses using the hourly weather files of three Nordic cities (Iqaluit, 

Whitehorse, and Fort Smith) are performed for collectors B4 (SWh), B5 (SWh+TG), C1 

(SWh+PV) and C2 (SWh+PV/T+TG). For example, for the city of Whitehorse (Yukon), 

the annual potential of solar captured heat at every time step is illustrated in Figure 5.21.  

 

Figure 5.21 Useful power (W/m2) collected by SW+TG (green), and SW+PV (red), and 
total irradiance on Facade (black). MFR=150kg/hr/m2; Whitehorse; 
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As shown in Figure 5.21, the black dotted lines indicate solar irradiance on a south-

facing façade (W/m2). The green and red lines show the instantaneous thermal output at 

every time step by the collectors with highest and lowest thermal efficiency, SW+TG and 

SW+PV, respectively. Similar annual results for Iqaluit and Fort Smith are shown in 

Appendix E.  

The generated thermal power is integrated at every time step and annual results are 

summarized in Table 5.4. All solar thermal results are normalized by area, while solar 

electric output is normalized by kW, as photovoltaic modules could be of different 

efficiency.  

Table 5.4 Annual Simulation results for three Northern locations 

 Iqaluit Whitehorse Fort Smith 

Location (Latitude) NU (63.8°N) YT (60.7°N) NWT (60°N) 

Annual Insolation on Façade (TMY, 
summed from hourly data) 

4.45 GJ/m2 4.13 GJ/m2 4.77 GJ/m2 

@150kg/hr/m2 1.9 GJ/m2 1.86 GJ/m2 2.2 GJ/m2 Heat Collected by 
SW (SolarWall) 

@50kg/hr/m2 1.07 GJ/m2 1.08 GJ/m2 1.3 GJ/m2 

@150kg/hr/m2 3.15 GJ/m2 2.92 GJ/m2 3.38 GJ/m2 Heat Collected by 
SW+TG 

@50kg/hr/m2 2.46 GJ/m2 2.27 GJ/m2 2.63 GJ/m2 

@150kg/hr/m2 1.17 GJ/m2 1.09 GJ/m2 1.26 GJ/m2 Heat Collected by 
SW+PV (50%) 

@50kg/hr/m2 0.445 GJ/m2 0.410 GJ/m2 0.463 GJ/m2 

@150kg/hr/m2 1.95 GJ/m2 1.86 GJ/m2 2.16 GJ/m2 Heat Collected by 
SW+ PV (50%) +TG 

@50kg/hr/m2 0.931 GJ/m2 1.01 GJ/m2 1.22 GJ/m2 

Annual PV potential (solar electricity) 955 kWh/kW 773 kWh/kW 940kWh/kW 
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Note that the thermal output in Table 5.4 is likely to be over-estimated 

systematically, as the convective heat transfer coefficients used in models tend to 

underestimate wind-induced convective losses at surface wind speed greater than 3.5 m/s, 

which is a common condition for the three Nordic cities. 

For the theoretical yield of annual solar potentials shown in Table 5.4, only a portion 

of the captured thermal energy can be used in reality. The useful fraction of collected 

thermal energy depends on the desired end use of the solar heated air. As discussed in 

Section 3.1.3, collector outlet temperature of less than 0°C (still higher than ambient 

temperature) can be fed into an HRV inlet to save on defrost load, as most HRV are 

equipped with a defrost coil to heat below-zero incoming air with electricity.  

For collector outlet temperature from 0°C to 25°C, the heated air can be used for 

space heating either directly or via a heat pump. If solar heated air is greater than 30°C, it 

is necessary to pass the air to the unoccupied crawlspace for short-term storage, or 

through a heat exchanger for domestic hot water heating. Note that the more end users a 

solar collector is supplying, the more likely that all the heat generated will be used and 

the higher the system cost will be.  

In addition, though electricity is valuable and demand is generally high, more 

photovoltaic panels doesn’t necessarily mean a better solar-capturing system overall. As 

the coverage of PV reduces the thermal efficiency of the collector, compromises between 

electric and thermal energy is essential. Too much electric generation would call for 

inverters and battery of higher capacity, consequently drive up system cost.  



 
 

128!

Therefore, while keeping the cost concerns in mind, there are smart designs and 

control strategies that can be adopted for low energy houses at high latitudes. At the early 

design stage, the auxiliary HVAC systems should be determined together with the Solar 

Component selection. For residential applications, once the desired end uses are decided, 

the type and size of the solar skin should be selected accordingly to optimize the output 

within useful outlet temperature range.  

Lastly, the collector outlet temperature can be controlled with heat removal rate 

(mass flow rate, MFR) determined by the fan. Figure 5.22 and 5.23 (Whitehorse) plot the 

outlet temperature of SWh+TG (green), SWh+PV (red) and outdoor temperature (black) 

for MFR of 150 and 50 kg/hr/m2, respectively.  

 Figure 5.22 Collector Outlet temperatures of SW+TG (green), and SW+PV (red), and 
outdoor temperature (black). MFR=150kg/hr/m2; Whitehorse; 
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Figure 5.23 Collector Outlet temperatures of SW+TG (green), and SW+PV (red), and 
outdoor temperature (black). MFR=50kg/hr/m2; Whitehorse; 

 

At high MFR, collector performs more efficiently at the expense of higher fan 

power. At low MFR, collector performance decreases while outlet temperature increases. 

Figure 5.22 and 5.23 (scale -60°C to 50°C) shown close to 20°C peak difference in outlet 

temperature from MFR changes only.  

The wide range of possible outlet temperatures offers crucial flexibility in solar 

collector selection.  Though collector efficiency generally increases with ascending MFR 

(Table 5.4), the actual outlet temperature is sometimes more important in maximizing the 

solar fraction, as captured thermal energy with outlet temperature too low or too high 

does not actually contribute to the overall energy generation. In addition, high MFR also 

consumes more fan power, resulting in less net production when irradiance is low (low-

sun conditions). Therefore, algorithms for optimizing collector outlet temperature 

depending on end-uses and fan power consumption are needed for future work.  
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6 Conclusions and Recommendations 

6.1 Conclusions 

This thesis presents the design and evaluation of building-integrated solar 

technologies suitable for high-latitude applications. An array of active envelope 

prototypes has been designed and studied for Nordic climate, by incorporating suitable 

solar collectors onto a structural insulated panel (SIP) wall.  

Ten façade-integrated solar collector configurations were experimentally evaluated 

using the state-of-the-art Solar Simulator and Environmental (SSEC) laboratory. The 

flexible design of the envelope prototype allows for detailed experimental 

characterization of different solar-harnessing systems within a compressed timeframe, 

compared to conventional outdoor tests.  

Controlled climatic conditions inside the laboratory led to highly consistent and 

repeatable experimental results. It is the first research project to utilize the full potential 

of the SSEC facility, taking into account the systematic differences between results 

obtained from the Solar Simulator and from the Environmental Chamber.  

Methods and algorithms used to model the integrated solar technologies are also 

presented. Steady-state simulation results are compared with experimental data to 

validate and calibrate the custom thermal models. For transpired collectors, it is 

concluded that surface convective losses is a complex yet vital factor in determining the 

systems’ performance. Convective heat transfer coefficients are experimentally evaluated 

and numerical approximations have been developed for the transpired solar collectors 

pertaining to this thesis.  
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 The suitability of different active envelope systems for high-latitude applications is 

studied. Figure 3.5 and Table 4.1 to 4.3 illustrated all the solar configurations tested, 

including: A1. Collector with Transpired Glazing (TG) and flat absorber; A2. TG and 

finned absorber; B1. Unglazed Transpired Collector (UTC) with corrugation along flow 

(UTC-v); B2. UTC-v+ Transpired Glazing (TG); B3. UTC-v with top glazing; B4. UTC 

with corrugation against flow (UTC-h); B5. UTC-h+TG; B6. UTC-h with top glazing; 

C1.UTC-h+PV/T (PV coverage 50%); C2. UTC-h+PV/T+TG. 

Off-the-shelf technologies such as transpired collectors and photovoltaic panels are 

combined and utilized in innovative manners. The effects of glazing, transpired glazing, 

transpired absorber, finned absorber, and PV coverage are studied. Experimental and 

simulation findings revealed that performance of conventional unglazed transpired 

collector (UTC) as well as photovoltaic/thermal (PV/T) collector can be effectively 

improved simply by adding an exterior layer of transpired glazing (collector B2, B5, C2). 

Simulation and experimental results confirmed collector efficiency rise of up to 28% (in 

absolute difference) due to the simple addition of transpired glazing. The improved 

design successfully minimized surface radiant loss and lowered collector’s susceptibility 

to wind loss, which are particularly beneficial features for northern applications. 

Finned absorber with transpired glazing (A2) increases the performance by up to 

13% compared to collector with flat absorber (A1). Collector with coverage of 50% PV 

(C1) over the total collector area is compared with the output of similar full-scale 

collector with PV coverage of 70%. The concept of thermal equivalent efficiency is 

adopted to combine the electric and thermal performance of PV/T systems. As higher PV 



 
 

132!

coverage reduces the thermal efficiency of the system, design compromise between 

electric and thermal output is necessary.  

Furthermore, the current state of solar installations in Northern Canada is presented 

in case studies (Appendix F and G) involving two common building-integrated solar 

technologies (unglazed transpired collector and photovoltaic system). The author 

conducted on-site fieldwork in Northwest Territories and Nunavut to investigate 

operation issues for existing building-integrated solar installations. The hands-on 

experience revealed that, in order to further the renewable penetrations in the North, the 

human factors and social aspects are just as important as technical expertise.  

By combining passive measures of conservation (building science) and active 

generation of on-site solar electric/thermal energy, the building sector in Northern 

Canada can readily achieve considerable displacement of expensive fossil fuel and its 

associated transportation cost. In the meantime, design innovations on compact envelope, 

BIPV/T facade and pre-fabricated assembly may also be appropriate for general 

applications in temperate climates. 

 

6.2 Recommendations for Solar Integration on SIP Envelope 

This thesis project established extensive expertise regarding integrated solar 

technologies suitable for cold climates. Several important considerations and 

recommendations are summarized for future Solar+SIP applications at high latitudes: 

1. For active envelope design, pre-fabricated systems are extremely beneficial in 

eliminating installation errors and saving on-site labor cost in Northern Canada. The 

SIP system, as a passive enclosure, satisfies all the necessary envelope functions 
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(air/vapor barrier, insulation, structure, etc.). The solar collector can be designed to 

replace exterior cladding without puncturing the air/weather barrier and can be 

installed prior to arrival on site. For transpired collectors, appropriate drainage is 

necessary to account for snow penetration.  

2. For Nordic locations where heating loads are high and energy is expensive, there are 

vast potentials for well-researched renewable technologies. However, as technical 

support is scarce and ongoing maintenance is expensive, low-tech and maintenance-

free systems are preferred. For example, flat plate PV modules, air-based solar 

thermal systems offer the necessary simplicity and are more suitable for Northern 

Canada, compared to other renewable technologies such as wind turbines and liquid-

based thermal collectors.  

3. The duct intake where the solar heated air penetrates the envelope constitutes as a 

weak point. Special attention should be given to the installation and open-close 

control of the insulated damper at air intake. Quality control can be conducted in 

factory for pre-fabricated systems. If this duct opening is able to bypass the solar 

collector when needed, the air intake for solar heated air can be doubled as the fresh 

air intake for building ventilation needs.  

4. While it is important to optimize the performance of the solar component itself, 

system-level optimizations could offer even more immediate benefits. The type, size 

and flow rate of the façade-integrated solar collectors should be determined in 

accordance with the energy demands (electric and thermal). The term “integration” 

not only refers to the physical addition of solar collector onto the envelope system, it 

also involves integration of collector energy output into the building HVAC system.  
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5. To truly achieve low energy buildings in Northern Canada, the social aspect and 

human factors of local communities cannot be under-stated. The designer should be 

conscious about considerations such as vandalism, occupants turning off HRV or 

opening windows during winter, as well as the common mentality of “build-and-

forget”. Possible measures include providing adequate diffusers and better indoor air 

circulation, enabling control on furnace and room thermostats, continuing education 

efforts and maintenance support, etc.  

 

6.3 Future Work 

Further research work in the following aspects are recommended:  

1. Future building codes or design guidelines should include passive solar house 

principles for Nordic locations. Inter-linked variables such as the south-facing 

window-to-floor ratio, insulation level, and thermal storage need to be considered 

simultaneously to optimize for an objective function such as building energy 

efficiency. Designers could also input cost functions to compare or decide between 

passive building design measures and active solar collector integration.  

2. Development of pre-fabricated active facades with seamless collector integration onto 

building envelope. As opposed to the common practice of ‘building-added’ solar 

systems, a true integrated active envelope system replaces the exterior cladding with 

solar skin, while taking barrier penetration, damper design and drainage into 

consideration.  

3. The second level of solar integration in buildings calls for efficient building 

mechanical systems in optimal combination with efficient collector design. 
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Depending on the end uses for the photovoltaic electricity and solar heated air, the 

design of building HVAC systems should be selected and sized accordingly. Future 

arctic low energy buildings can design building integrated solar collectors in 

conjunction with building HVAC systems in the early design stage. 

4. For solar thermal collectors, control algorithms can used to optimize fan speed and 

collector heat removal rates. The goal would be produce solar heated air with outlet 

temperature bounded by the useful range, to maximize the amount of useful thermal 

energy without wasting energy input on fan power. 

5. Short-term thermal storage within the envelope or building space is necessary in order 

to achieve more ambitious energy targets at Nordic locations. Seasonal thermal 

storage could also be considered, bearing in mind the challenges of long winters and 

permafrost stability.  

6. Transpired collectors are particularly prone to surface convective losses, due the 

combined effect of parallel surface wind and the suction flow perpendicular to 

surface. Much research work is needed to fully explain and quantify the surface 

convective heat loss for transpired collectors.  

7. For the design of co-generation systems (i.e. PV/T), the optimal coverage of PV can 

be analyzed based on technical and economical considerations. As solar electricity 

and useful heat production are competitive objectives, life-cycle cost-benefit analyses 

will determine the optimal PV coverage, considering maintenance costs and savings 

in building energy demands. In addition, the optimal combination of PV and thermal 

will vary depending on future price uncertainties. For example, PV price has dropped 

dramatically in the last decade due to incentive programs and technology maturity, 
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and module efficiency has improved. In combination with other economic factors 

such as future fossil fuel price and renewable subsidy, the optimal PV/T design 

requires more in-depth research work. The relative importance of electric and thermal 

outputs also needs to be gauged on a case-by-case basis for such optimization. 
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Appendix A. Experimental Set Up 

Table A.1 List of Materials needed for prototype construction 

Item Description Qty Company Note 

Custom size PV 
panel 

Dark frame, custom 
size  2 Day4Energy 

Left from JMSB 
setup 

NON-Perforated 
Polycarbonate 
Sheets  

Transparent sheets 
ordered from 
MasterCarr 4 MasterCarr Purchased 

Perforated 
Polycarbonate 
Sheets  

Transparent sheets 
perforated by Laser 4 CBR Laser Inc Purchased 

Perforated 
Corrugated Dark 
Metal Cladding 

SolarWall cladding 
5’ by 5’ 1 

Conserval 
Engineering 

Left from JMSB 
setup 

Dark Metal 
Absorber 

TiNOX Steel, high 
absorbance and low 
emissvity, 5’ by 5’ 1 Almeco!

Left from Luis’ 
experiment 

Structural 
Insulated Panel 

One full-size (4’ by 
8’), two half size (2’ 
by 8’) 3 KOTT! In kind support 

 

 

Figure A.1 Custom sized PV panel dimensions 
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Figure A.2 Components of the Experimental Assembly (CAD drawing, to scale) 
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Figure A.3 Instrumentation Diagram of SolarWall Layer; Able to accommodate two 
orientations for testing;  

 

In Figure A.3, the SolarWall plate can be rotated counterclockwise by 90° to form the 

flow-along-corrugation configuration (SW-v). Two sensors are shared between the two 

configurations (SW-h_C2=SW-v_C2; SW-h_R5=SW-v_R3). The current orientation in 

Figure A.3 is flow-against-corrugation (SW-h). 
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Figure A.4 Instrumentation Diagram of Transpired Glazing/Glazing Layer 

 

 

Figure A.5 Instrumentation Diagram of Back Plate Layer 
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Figure A.6 Instrumentation Diagram of PV modules Layer 

 

  

 

Figure A.7 SolarWall Corrugation Dimensions (Conserval Engineering, 2010) 
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Table A.2 Thermocouple Master List 
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Table A.2 (Continued) Thermocouple Master List 

 

 

 

  

Figure A.8 LabVIEW DAQ Interface (above) and Block Diagram (below);  

!"#$%&'&()*#+ !"#$%&''('('') !"#$%&*+,"-+.(/0+1&2"345(*$6789:;17<$.1$=7>=+.17?",@7?+A.4"=B

,-+./0'#12%3

C&29.5 B&29.5 D&29.5 E.1&1+&FGH

/IJ 8K /IJ(8K L+4M N OPQRSNS TRQTKTS 3KQRUS SQKPT

/IJ 8T /IJ(8T L+4M V RMQTONU TRQTKTS 3KQRUS SQTVO

/IJ 8M&W&2/I;(8O5 /IJ(8M L+4M U MMQRSRS TRQTKTS 3KQRUS SQOMR

/IJ 8R /IJ(8R L+4M KP TVQVKKN TRQTKTS 3KQRUS SQSOT

/IJ 8O /IJ(8O L+4M KK TPQSTU TRQTKTS 3KQRUS SQVSP

/IJ 8S /IJ(8S L+4M KT KRQRKUM TRQTKTS 3KQRUS NQPKV

/IJ 8N /IJ(8N L+4M KM NQTPUS TRQTKTS 3KQRUS NQTPK

/IJ <K /IJ(<K L+4M KR OPQRSNS TVQVMVS 3TQVNMU SQTTP

/IJ <T&W2/I;(<T5 /IJ(<T L+4M KO TVQVMVS TVQVMVS 3TQVNMU SQNSU

/IJ <M /IJ(<M L+4R P NQTPUS TVQVMVS 3TQVNMU NQMKV

/I; 8K /I;(8K L+4R K MMQRSRS OPQRSNS 3KQRUS NQTPK

/I; 8T /I;(8T L+4R T MMQRSRS RMQTONU 3KQRUS NQPKV

/I; 8M /I;(8M L+4R M MMQRSRS MRQVRSV 3TQVNMU SQVPR

/I; 8R /I;(8R L+4R R MMQRSRS TVQVKKN 3TQVNMU SQSOK

/I; 8OW&2/IJ(8M5 /I;(8O L+4M U MMQRSRS TRQTKTS 3KQRUS SQOMR

/I; 8S /I;(8S L+4R O MMQRSRS KRQRKUM 3KQRUS SQTVO

/I; 8N /I;(8N L+4R S MMQRSRS NQTPUS 3KQRUS SQKPT

/I; <K /I;(<K L+4R N TVQVMVS OPQRSNS 3KQRUS NQMKV

/I; <TW&2/IJ(<T5 /I;(<T L+4M KO TVQVMVS TVQVMVS 3TQVNMU SQNSU

/I; <M /I;(<M L+4R V TVQVMVS NQTPUS 3KQRUS SQTTP

EX(" 8K EX("(8K L+4R U MMQRSRS OPQRSNS 3PQR NQTPK

EX(" 8T EX("(8T L+4R KP MMQRSRS RMQTONU 3PQR NQPKV

EX(" ?K EX("(?K L+4R KK RMQTONU OPQRSNS 3PQR SQUOT

EX(" ?T EX("(?T L+4R KT OPQRSNS OPQRSNS 3PQR SQNSU

EX(, 8K EX(,(8K L+4R KM MMQRSRS TRQTKTS 3PQR SQOMR

EX(, 8KQO EX(,(8KQO L+4R KR MMQRSRS TKQSTU 3PQR SQRSV

EX(, 8T EX(,(8T L+4R KK MMQRSRS KRQRKUM 3PQR SQTVO

EX(, ?K EX(,(?K L+4R KT RMQTONU KRQRKUM 3PQR SQPMS

EX(, ?T EX(,(?T L+4R KM OPQRSNS TRQTKTS 3PQR SQKPT

RPRQSSP

1+1"0W SP

4!,

<+4$ FGH&L+4 FGH&<;"..$0

G#Y&G9= *K

G#Y&G9= *T

G#Y&G9= 8K

G#Y&G9= 8T

*+,"-+.

5&'/6&0 7&8#1

299:9:99;3

,<=1

>&8

,<=1

7"/00#*

7&&$8-0/.#+12?&@&%15#A1B)%&+.C1DEDED3 7/*-F$/6&011

2G'#1?/."3*787<Z&>=+.17?",@Z&?+A.4"=B



 
 

153!

 

Figure A.9 Construction Photo: Collector base with instrumentation;  

 

 

Figure A.10 Construction Photo: Transpired Glazing top with instrumentation;  

 

  

Figure A.11 Construction Photo: Instrumentation seen from duct outlet  
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Figure A.12 Construction Photo: Assembled collector A1 mounted on collector test stand  

 

  

Figure A.13 Construction Photo: Collector A1 at vertical tilt with duct outlet connected 
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Figure A.14 Schematics of BIPV/T-SIP integration for the Environmental Chamber tests 
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Figure A.15 Construction photo: SIP shipment in three pieces (left) and Test Hut with 
hollow façade (right)  

 

 

Figure A.16 Construction photo: Sensor feeding into the test hut before insulation and 
sealing (left); Duct installation from outside (top right) and inside (bottom right) Test Hut 
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Figure A.17 Construction photo: Complete Integration of Collector onto SIP without 
scanner (left), with scanner (right) 

 

  

Figure A.18 National Instrumentation, Data Acquisition modules and chassis 
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Appendix B. Experimental Results 

 

Table B.1 Scan results of wind speed across collector height 

Wind speed at 25% fan 
power (m/s), 

Wind speed at 100% fan 
power (m/s) 

AVERAGE;1.02 AVERAGE;3.44 

MINIMUM;0.69 MINIMUM;2.55 

Distance (mm) from 
middle of the collector, 
2 readings on each 
height 

MAXIMUM;1.49 MAXIMUM;4.80 

-872.4779052734375; 1.486103 ; 1.348728 ;  4.795315 ; 4.608440 ;  

-722.4779052734375; 1.131785 ; 1.090449 ;  4.163286 ; 3.745512 ;  

-572.4779052734375; 1.209237 ; 1.102416 ;  3.944597 ; 3.496511 ; 

-422.4779052734375; 1.151100 ; 0.969389 ;  3.725790 ; 3.357467 ;  

-272.4779052734375; 1.169085 ; 1.055867 ;  3.651813 ; 3.306551 ;  

-122.4779052734375; 0.991761 ; 0.994012 ;  3.490931 ; 3.083949 ;  

27.5220947265625; 1.078239 ; 0.875709 ;  3.556386 ; 3.131274 ;  

177.5220947265625; 1.010910 ; 0.877233 ;  3.310549 ; 2.927415 ;  

327.5220947265625; 0.932954 ; 0.883445 ;  3.150075 ; 3.065596 ;  

477.5220947265625; 0.897042 ; 0.767752 ;  2.983349 ; 2.821360 ;  

627.5220947265625; 0.808148 ; 0.690165 ;  2.850808 ; 2.554035 ;  
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Figure B.1 Irradiance Distribution at Collector surface (Solar Simulator), average 1148 
W/m2 

 

 

Figure B.2 Standard deviation of solar distribution at Collector Surface (Solar Simulator), 
5 % maximum 
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Figure B.3 Transmittance results for UV-resistant high-performance polycarbonate sheet, 
tested by the Agilent Spectrophotometer; Average transmittance of 0.89 at visible and 

near infrared range 

 

 

 

Figure B.4 I-V tracer results for two 60W PV modules at 838 W/m2, details in Table 4.5 
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Figure B.5 I-V tracer results for two 60W PV modules at 1148 W/m2, details in Table 4.5 

 

 

Figure B.6 Collector (B1: SWv) outlet temperature rise at 3.5m/s wind and under 
different solar irradiance and different mass flow rates; Linear relationship of collector 

outlet temperature rise with increasing Irradiance 
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Figure B.7 Temperature readings across collector height (B2: SWv+TG) at 1148 W/m2, 
1m/s wind, and constant mass flow rate of 50kg/hr/m2. Error bars of ±0.5°C; Exponential 

fit (dash lines) appropriate for temperature readings with increasing collector height 
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Experimental Results from Solar Simulator 

 

Table B.2 Collector A1 (TG) Performance under Solar Simulator 

A1-100W-HG A1-25W-HG 

  Flow Rate 
(kg/hr/m2) 

TG 
Efficiency 
@1148 HW 

#T @1000 
(degC) 

Flow Rate 
(kg/hr/m2) 

TG 
Efficiency 
@1148 HW 

#T @1000 
(degC) 

150.000 0.533 13.100 150 0.527549788 12.97615 

125.000 0.512 15.100 125 0.524100569 15.46957143 

100.000 0.482 17.800 100 0.502537267 18.541375 

75.000 0.451 22.200 75 0.486126062 23.9145 

50.000 0.348 25.700 50 0.417929193 30.83943182 

 

A1-100W-LG A1-25W-LG 

 Flow Rate 
(kg/hr/m2) 

TG Efficiency 
@838 HW 

#T 
@838(degC) 

Flow Rate 
(kg/hr/m2) 

TG 
Efficiency 
@838 LW 

#T @838 
(degC) 

150.000 0.515 10.300 150 0.504698687 10.1 

125.000 0.491 11.800 125 0.49553749 11.9 

100.000 0.456 13.700 100 0.479713604 14.4 

75.000 0.422 16.900 75 0.464722554 18.6 

50.000 0.331 19.900 50 0.401427009 24.1 
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Table B.3 Collector A2 (TG with fins) Performance under Solar Simulator 

A2-100W-HG A2-25W-HG N/A 

Flow Rate 
(kg/hr/m2) 

TG 
@1000 
WITH 

fins 
#T @1000 

(degC) 
Flow Rate 
(kg/hr/m2) 

TG @1000 
WITH fins 

#T @1000 
(degC) 

150.000 0.631 17.300 150 N/A N/A 

125.000 0.602 19.800 125 N/A N/A 

100.000 0.550 22.600 100 N/A N/A 

75.000 0.471 25.800 75 N/A N/A 

50.000 0.400 32.900 50 N/A N/A 

 

A2-100W-LG A2-25W-LG 

Flow Rate 
(kg/hr/m2) 

TG with 
Fins 
@HW 

#T @838 
(degC) 

Flow Rate 
(kg/hr/m2) 

TG with 
Fins @LW 

#T @838 
(degC) 

150.000 0.645 12.900 150 0.645 12.9 

125.000 0.591 14.200 125 0.620 14.9 

100.000 0.550 16.500 100 0.573 17.2 

75.000 0.472 18.900 75 0.517 20.7 

50.000 0.395 23.700 50 0.456 27.4 
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Table B.4 Collector B1 (SWv) Performance under Solar Simulator 

B1-100W-HG B1-25W-HG 

Flow Rate 
(kg/hr/m2) 

Efficiency of 
SWv 
HW@1148 

#T @1148 
(degC) 

Flow Rate 
(kg/hr/m2) 

Efficiency 
of SWv 
LW@1148 

#T @1000 
(degC) 

150.000 0.459 12.581 150.000 0.588 16.133 

125.000 0.418 13.753 125.000 0.561 18.449 

100.000 0.370 15.228 100.000 0.502 20.636 

75.000 0.307 16.832 75.000 0.447 24.513 

50.000 0.227 18.672 50.000 0.350 28.780 

 

B1-100W-LG B1-25W-LG 

Flow Rate 
(kg/hr/m2) 

Efficiency 
of SWv 
HW@838 

#T @840 
(degC) 

Flow Rate 
(kg/hr/m2) 

Efficiency 
of SWv 
LW@838 

#T @838 
(degC) 

150.000 0.429 8.579 150.000 0.591 11.835 

125.000 0.396 9.510 125.000 0.564 13.551 

100.000 0.354 10.624 100.000 0.504 15.123 

75.000 0.299 11.980 75.000 0.450 18.017 

50.000 0.223 13.394 50.000 0.351 21.092 
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Table B.5 Collector B2 (SWv+TG) Performance under Solar Simulator 

B2-100W-HG B2-25W-HG 

Flow Rate 
(kg/hr/m2) 

Efficiency of 
SWv+TG 
HW@1148 

Efficiency 
of 
SWv+TG 
HW@838 

Flow Rate 
(kg/hr/m2) 

Efficiency 
of 
SWv+TG 
LW@1148 

#T 
@1000 
(degC) 

150.000 0.693 18.995 150.000 0.732 20.071 

125.000 0.659 21.683 125.000 0.695 22.850 

100.000 0.622 25.567 100.000 0.642 26.401 

75.000 0.570 31.241 75.000 0.600 32.924 

50.000 0.485 39.927 50.000 0.529 43.545 

 

B2-100W-LG B2-25W-LG 

Flow Rate 
(kg/hr/m2) 

Efficiency 
of 
SWv+TG 
HW@838 

#T @840 
(degC) 

Flow Rate 
(kg/hr/m2) 

Efficiency 
of 
SWv+TG 
LW@838 

#T @840 
(degC) 

150.000 0.692 13.848 150.000 0.712 14.250 

125.000 0.655 15.733 125.000 0.676 16.242 

100.000 0.607 18.233 100.000 0.627 18.810 

75.000 0.561 22.443 75.000 0.587 23.487 

50.000 0.471 28.287 50.000 0.504 30.280 
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Table B.6 Collector B3 (SWv+G) Performance under Solar Simulator 

B3-100W-HG B3-25W-HG 

Flow Rate 
(kg/hr/m2) 

SWv+G 
@HW 

#T @1148 
HW (degC) 

Flow Rate 
(kg/hr/m2) 

SWv+G 
@LW 

#T @1148 
LW 
(degC) 

150.000 0.485 13.300 150 0.576 15.800 

125.000 0.444 14.600 125 0.547 18.000 

100.000 0.392 16.100 100 0.503 20.700 

75.000 0.321 17.600 75 0.441 24.200 

50.000 0.242 19.900 50 0.354 29.100 

 

B3-100W-LG B3-25W-LG 

Flow Rate 
(kg/hr/m2) 

SWv+G 
HW@840 

#T @840 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWv+G 
LW@840 

#T @840 
(degC) 

150.000 0.455 9.100 150 0.580 11.6 

125.000 0.421 10.100 125 0.541 13 

100.000 0.370 11.100 100 0.480 14.4 

75.000 0.307 12.300 75 0.447 17.9 

50.000 0.232 13.900 50 0.360 21.6 
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Table B.7 Collector B4 (SWh) Performance under Solar Simulator 

B4-100W-HG B4-25W-HG 

Flow Rate 
(kg/hr/m2) 

SWh 
HW@1148 

#T @1148 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWh 
LW@1148 

#T @1148 
(degC) 

150.000 0.451 12.356 150.000 0.629 17.248 

125.000 0.394 12.954 125.000 0.580 19.090 

100.000 0.342 14.058 100.000 0.514 21.142 

75.000 0.283 15.506 75.000 0.452 24.792 

50.000 0.215 17.657 50.000 0.362 29.785 

 

B4-100W-LG B4-25W-LG 

Flow Rate 
(kg/hr/m2) 

SWh 
HW@838 

#T @838 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWh 
LW@838 

#T @838 
(degC) 

150.000 0.428 8.572 150.000 0.615 12.299 

125.000 0.382 9.176 125.000 0.571 13.724 

100.000 0.342 10.276 100.000 0.524 15.722 

75.000 0.281 11.262 75.000 0.448 17.949 

50.000 0.209 12.526 50.000 0.364 21.834 
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Table B.8 Collector B5 (SWh+TG) Performance under Solar Simulator 

B5-100W-HG B5-25W-HG 

Flow Rate 
(kg/hr/m2) 

SWh+TG 
HW@1000 

#T @1000 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWh+TG 
LW@1000 

#T 
@1000 
(degC) 

150.000 0.694 19.021 150.000 0.671 18.401 

125.000 0.672 22.094 125.000 0.649 21.335 

100.000 0.631 25.963 100.000 0.620 25.486 

75.000 0.563 30.845 75.000 0.587 32.207 

50.000 0.469 38.609 50.000 0.509 41.890 

 

B5-100W-LG B5-25W-LG 

Flow Rate 
(kg/hr/m2) 

SWh 
HW@840 

#T @840 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWh 
LW@840 

#T @840 
(degC) 

150.000 0.695 13.900 150.000 0.658 13.160 

125.000 0.670 16.100 125.000 0.652 15.659 

100.000 0.626 18.800 100.000 0.623 18.695 

75.000 0.552 22.100 75.000 0.570 22.794 

50.000 0.470 28.200 50.000 0.512 30.745 
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Table B.9 Collector B6 (SWh+G) Performance under Solar Simulator 

 

B6-100W-LG B6-25W-LG 

Flow Rate 
(kg/hr/m2) 

SWh+G 
HW@838 

#T @838 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWh+G 
LW@838 

#T @838 
(degC) 

150.000 0.465 9.300 150 0.585 11.7 

125.000 0.433 10.400 125 0.554 13.3 

100.000 0.380 11.400 100 0.526 15.8 

75.000 0.330 13.200 75 0.460 18.4 

50.000 0.258 15.500 50 0.385 23.1 

 

 

 

 

 

 

 

 

B6-100W-HG B6-25W-HG 

Flow Rate 
(kg/hr/m2) 

SWh+G 
@HW 

#T @1148 
(degC) 

Flow Rate 
(kg/hr/m2) SWh+G @LW 

#T 
@1148 
(degC) 

150.000 0.487 13.200 150 0.594 16.500 

125.000 0.443 14.800 125 0.566 18.900 

100.000 0.399 16.600 100 0.528 22.200 

75.000 0.348 19.200 75 0.475 26.700 

50.000 0.267 21.900 50 0.389 31.900 



 
 

171!

 

Table B.10 Collector C1 (SWh+PV) Performance under Solar Simulator 

C1-100W-HG C1-25W-HG 

Flow Rate 
(kg/hr/m2) 

SWh+PV 
HW@1148 

#T 
@1148 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWh+PV 
LW@1148 

#T @1148 
(degC) 

150.000 0.263 7.220 150.000 0.371 10.174 

125.000 0.223 7.340 125.000 0.356 11.725 

100.000 0.190 7.814 100.000 0.331 13.601 

75.000 0.153 8.407 75.000 0.277 15.200 

50.000 0.105 8.656 50.000 0.214 17.618 

 

C1-100W-LG C1-25W-LG 

Flow Rate 
(kg/hr/m2) 

SWh+PV 
HW@838 

#T @838 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWh+PV 
LW@838 

#T @838 
(degC) 

150.000 0.256 5.114 150.000 0.380 7.603 

125.000 0.220 5.283 125.000 0.355 8.521 

100.000 0.186 5.578 100.000 0.328 9.849 

75.000 0.150 6.017 75.000 0.282 11.278 

50.000 0.099 5.950 50.000 0.211 12.659 
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Table B.11 Collector C2 (SWh+PV+TG) Performance under Solar Simulator 

C2-100W-HG C2-25W-HG 

Flow Rate 
(kg/hr/m2) 

SWh+PV+TG 
HW@1148 

#T @1148 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWh+PV+TG 
LW@1148 

#T 
@1148 
(degC) 

150.000 0.463 12.681 150.000 0.486 13.332 

125.000 0.426 14.016 125.000 0.454 14.946 

100.000 0.385 15.840 100.000 0.429 17.648 

75.000 0.331 18.161 75.000 0.416 22.782 

50.000 0.269 22.140 50.000 0.354 29.082 

 

C2-100W-LG C2-25W-LG 

Flow Rate 
(kg/hr/m2) 

SWh+PV+TG 
HW@838 

#T @838 
(degC) 

Flow Rate 
(kg/hr/m2) 

SWh+PV+TG 
LW@838 

#T @838 
(degC) 

150.000 0.439 8.786 150.000 0.449 8.988 

125.000 0.412 9.895 125.000 0.441 10.592 

100.000 0.372 11.165 100.000 0.423 12.703 

75.000 0.325 13.011 75.000 0.394 15.760 

50.000 0.250 15.014 50.000 0.328 19.711 
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Figure B.8 All Collectors Performance at 1148W/m2 irradiance, 3.5m/s air velocity 
parallel to collector surface 

 

 
Figure B.9 All Collectors Performance at 1148W/m2 irradiance, 0.9m/s air velocity 

parallel to collector surface 



 
 

174!

 

Figure B.10 All Collectors Performance at 838W/m2 irradiance, 3.5m/s air velocity 
parallel to collector surface 

 

 

Figure B.11 All Collectors Performance at 838W/m2 irradiance, 0.9m/s air velocity 
parallel to collector surface 
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Collector Performance: Experimental Results from Environmental Chamber 

 

Table B.12 Collector B4 (SWh) and B5 (SWh+TG) Performance at Environmental 
Chamber, no wind, irradiance 824 W/m2 (Raw data, uncorrected) 

B4: SWh B5: SWh+TG 

Flow Rate 
(kg/hr/m2) 

Efficiency 
SWh, No 
wind at 824 

#T @824 
no wind 
(degC) 

Flow Rate 
(kg/hr/m2) 

Efficiency 
SWh+TG, 
No wind at 
824 

#T @824 no 
wind (degC) 

50.000 0.492 29.034 50.000 0.616 36.369 

75.000 0.613 24.113 75.000 0.738 29.030 

100.000 0.662 19.534 100.000 0.750 22.523 

125.000 0.673 15.896 125.000 0.787 18.580 

150.000 0.778 15.309 150.000 0.772 15.198 

 

 

Table B.13 Collector C1 (SWh+PV) and C2 (SWh+PV+TG) Performance at 
Environmental Chamber, no wind, irradiance 824 W/m2 (Raw data, uncorrected) 

C1: SWh+PV C2: SWh+PV+TG 

Flow Rate 
(kg/hr/m2) 

Efficiency 
SWh+PV, No 
wind at 824 

#T @824 
no wind 
(degC) 

Flow Rate 
(kg/hr/m2) 

Efficiency 
SWh+PV+TG, 
No wind at 824 

#T @824 
no wind 
(degC) 

50.000 0.350 20.645 50.000 0.450 26.539 

75.000 0.434 17.090 75.000 0.513 20.199 

100.000 0.498 14.706 100.000 0.555 16.396 

125.000 0.497 11.738 125.000 0.575 13.575 

150.000 0.499 9.820 25.000 0.297 35.116 
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Table B.14 Duct leakage Testing Data using a calibrated fan 

Duct 
internal 
pressure 
(Pa) 

Mass flow 
rate by the 
calibrated fan 
(kg/hr) 

Read 
Pressure 
loss at fan 
(in H2O) 

Corresponding 
flow loss from 
Chart (cfm) 

Mass flow 
loss from 
leakage 
test (kg/hr) 

Percentage 
of Mass 
flow loss 
(%) 

40.35 55.3 0.2 2.9 5.94 10.7 

18.93 42.2 0.15 2.2 4.5 10.7 

72.24 64.5 0.24 3.3 7.15 11.1 

91.42 77.8 0.28 4 8.19 10.5 

2.5 34 0.12 1.8 3.7 10.9 

 

 

Table B.14 (continued) Duct leakage Testing Data using a calibrated fan 

Actual Mass 
Flow Rates used 
in experiments 
(kg/hr/m2) 

 Mass Flow 
Loss 
Extrapolated 
(linear) 

Extrapolated 
Percentage of 
Mass Flow 
Loss (linear) 

Extrapolated 
Mass Flow 
Loss 
(exponential) 

Extrapolated 
Percentage of 
Mass Flow Loss 
(exponential) 

50 5.4285 10.9 5.705175135 11.4 

75 8.111 10.8 8.002297158 10.7 

100 10.7935 10.8 9.632131172 9.6 

125 13.476 10.8 10.89632865 8.7 

150 16.1585 10.8 11.9292532 8.0 
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Figure B.12 Duct Air Leakage Correction Results for Collector B4 (SWh) and B5 
(SWh+TG) 

 

 

Figure B.13 Duct Air Leakage Correction Results for Collector C1 (SWh+PV) and C2 
(SWh+PV+TG) 
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Appendix C. Uncertainty Analysis 

 

Table C.1 Example values of the measured variables used in this uncertainty analysis 

Measured Value Measured Value Variable Measured Value 

Tamb  20°C Toutlet  35°C 

Length and Width  1465mm MFR 150 kg/hr/m2 

'air air density 1.14 kg/m3 QU Useful Heat  600W 

 

Below are examples of uncertainty analysis for all calculated variables. 

C.1 Uncertainty of collector outlet temperature rise: #T=(Toutlet –Tamb) 

Firstly, since collector outlet temperature is the average of two thermocouples at the 

duct outlet of ±0.5°C: 

   

The ambient temperature is taken as the average value of four thermocouples 

mounted above the collector surface: 

 

Therefore, the uncertainty of collector outlet temperature rise is given by: 

 

 

!T
outlet

= ± 0.5
2
+0.5

2
= 0.707

!T
amb

= ± 0.5
2
+0.5+0.5

2
+0.5

2
= 1

!"T
"T

= ±
!T

outlet

T
outlet

#
$%

&
'(

2

+
!T

amb

T
amb

#
$%

&
'(

2

= ±
0.707

35

#
$%

&
'(
2

+
1

20

#
$%

&
'(
2

= ±0.01865

!"T = 0.01865 #15(°C) = 1.224°C
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C.2 Uncertainty of Irradiance: I 

From calibration certificate of CMP 21 manufactured by Kipps and Zonen, 

uncertainty is given by the World Radiation Center in Davos as ±0.11/8.75=1.26% from 

temperature -50°C to 20°C 

C.3 Uncertainty of Collector Area: A=L*W 

 

 

C.4 Uncertainty of Mass Flow Rate: MFR 

The overall mass flow rate measured in the air duct is calculated by ISO5167 

standard using the general equation for mass flow rate: 

 

where " is th diameter ratio and C is the discharge coefficient as a function of "; 

without getting into details about " and d (which are geometric values  with very small 

uncertainty), the terms inside the square root will dominate the uncertainty of QM.  

 

Therefore, the uncertainty of MFR can be calculated by: 

 

!A
A

= ±
!L
L

"
#$

%
&'
2

+
!W
W

"
#$

%
&'
2

= ±
1

1465

"
#$

%
&'
2

+
1

1465

"
#$

%
&'
2

= ±0.00965

!A = 0.00965 " (1465 #1465)(mm
2
) = 2071mm

2

QM = MFR ! A =
C

1" # 2

!
$

4
!d ! 2 ! %P ! &air

!Q
M

Q
M

= ±
1

2

!"P
"P

#
$%

&
'(
2

+
!)

air

)
air

#
$%

&
'(

2

= ± 0.07( )
2

+ 0.006( )
2

= ±0.03513
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C.5 Uncertainty of useful heat captured: Qu 

The useful heat captured by the solar heated air is calculated as:  

 

Since cp is constant, the uncertainty of QU is calculated by: 

 

 

C.6 Uncertainty of efficiency: !=QU/(I*A) 

 

 

 

 

 

 

 

 

!MFR
MFR

= ±
!Q

M

Q
M

"
#$

%
&'

2

+ (
!A
A

"
#$

%
&'
2

= ± 0.03513( )
2

+ 0.006( )
2

= ±0.03514

!MFR = 0.03514 " (150)(kg / hr / m
2
) = 5.271kg / hr / m

2

QU = (MFR ! A) ! cp ! "T

!Q
U

Q
U

= ±
!Q

M

Q
M

"
#$

%
&'

2

+ (
!)T
)T

"
#$

%
&'
2

= ± 0.03513( )
2
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2

= ±0.08889

!Q
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!"
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+ )0.0126( )
2

+ )0.00965( )
2

= ±0.0911
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Appendix D. Steady-State Simulation and Results 

D.1 Sample MathCAD output for Simple PV/T model at steady-state

 

 Steady-State PVT model

Given constants: degC 1!"
L 0.05m!" w 1.46m!" h 0.36m!" v 0.1051

m

s
!"

hour 3600s!"

Vw 0.86
m

s
!" ... Wind speed

Temperature corrected air properties (based on 20degC):

Tair 34.8degC!" .. Assumed temperature in the air cavity

ρ 1.2
kg

m
3

293.15

Tair 273.15#
$!" .. Density of air

cp 1000
J

kg K$
!" .. Specific heat of air (assume constant)

μ 15.11 10
6%

$
m
2

s
$ ρ$&

'
(

)
*
+

293.15 120#( )

Tair 273.15# 120#( )
$

293.15

Tair 273.15#
&'
(

)*
+

1.5

$!" .. Dynamic viscosity of air

.. Thermal conductivity of air (assume linearly

varying between 0degc to 20degC)
k 0.0243 0.0257 0.0243%( )

Tair( )

20degC
$#,-

.
/0
1
watt

m K$
!"

Re
ρ v$ 2$ L

μ 775.727"!" .. Reynolds number

y 0 0.0523 ..0.3523!" .. Distance from inlet

H y( )
y m$

L
!" .. Dimensionless channel height

Find convective heat transfer coefficient hc (Liao and Athienitis, 200?):

On the PV side (hc1), Nusselt number is:

Nu1 y( ) 0.011 Re$ 62.856#( ) e
0.475% H y( )$

$ 2.766 10
3%

$ Re$# 5.58#!"

hc1 y( )
Nu1 y( ) k$

L
!"

On the insulation side (hc2), Nusselt number is:

Nu2 y( ) 0.109 Re$ 124.344%( ) e
1.635% 10

5%
$ Re$ 0.593%4 5 H y( )$

$ 4.098 10
3%

$ Re$# 3.896#!"

hc2 y( )
Nu2 y( ) k$

L
!"

At half of the plate height:

hc1 0.3( ) 6.339
watt

m
2
K

$" hc2 0.3( ) 3.221
watt

m
2
K

$"
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Average hc on both sides of the plate:

hc1avg
hc1 0( ) hc1 0.05( )! hc1 0.1( )! hc1 0.15( )! hc1 0.2( )! hc1 0.25( )! hc1 0.3( )! hc1 0.35( )!

8
"#"

hc2avg
hc2 0( ) hc2 0.05( )! hc2 0.1( )! hc2 0.15( )! hc2 0.2( )! hc2 0.25( )! hc2 0.3( )! hc2 0.35( )!

8
"#"

Properties of the PV:

εpv 0.9#" εpv_b 0.8#" .. Emissitivity of PV (front and back)

αpv 0.925#" .. Absorptance of PV

Assume PV thermal resistance negligible: no Rpv

PVT

To 22.141K 273.15K!#" Tr 293.15K#" Unit area: A 1m
2

#"

hw 14.5 Vw$
s

m
$ 6.603!%

&
'

(
)
*

watt

m
2
K

#" .. Experimental Wind loss

ho 5.771
watt

m
2
K$

hw!#" .. Outdoor film coefficient Uo ho A$#"

Initial Conditions:

σ 5.67 10
8+

$
watt

m
2
K
4

$

#" .. Stephan Boltzman constant

Spv 838
watt

m
2

#"

εwall 0.9#" .. emissivity of the wall

Tpv
0

Tb
0

Tma
0

Qu
0

hr
0

F
0

FR
0

ηpv
0

Tout
0

Tair
0

%
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
'

(
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
*

290K

290K

290K

100watt

1
watt

m
2
K

0.2

0.2

0.15

290K

290K

%&
&
&
&
&
&
&
&
&
&
&
&
&
&
'

()
)
)
)
)
)
)
)
)
)
)
)
)
)
*

#"
Uins

A

1.32

watt

m
2
K$

0.12
watt

K
!#"

.. Insulation RSI1.32

Time step: p 0. 1,- 100..#"

Assume air mass flow rate here:

Mair v
L

h

%
&
'
(
)
*

$ ρ$ 60.029
kg

hour m
2

$

$"#"
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Assume intlet temp is same with outdoor air temp:

Tin To!"

Ua y( ) A hc1 y( )#!" Ub y( ) A hc2 y( )#!"

uL ho
Uins

A
$ 25.722

watt

m
2
K

#"!"

Ua 0.06( ) 25.719
m
2
kg#

K s
3

#

"

Enegy balance at each node:

Tpv
p 1$

Tb
p 1$

Tma
p 1$

Qu
p 1$

hr
p 1$

F
p 1$

FR
p 1$

Tout
p 1$

Tair
p 1$

%
&
&
&
&
&
&
&
&
&
&
&
&
&
&
'

(
)
)
)
)
)
)
)
)
)
)
)
)
)
)
*

αpv Spv# A# ηpv αpv# Spv# A#+ ho A# To#$ hr
p
A# Tb

p
#$ hc1avg A# Tma

p
#$

ho A# hr
p
A#$ hc1avg A#$

Uins Tr( )# hc2avg A# Tma
p, -#$ hr

p
A# Tpv

p, -#$

Uins hc2avg A#$ hr
p
A#$

hc1avg A# Tpv
p, -# hc2avg A# Tb

p, -#$ Qu
p

+

hc1avg A# hc2avg A#$

FR
p
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Figure D.1 Results of finite element analysis after all results converge 
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D.2 MATLAB/Simulink interface for SW and SW+TG models: 

The thermal network models of SW and SW+TG discussed in Section 5.1 are 

configured in the MATLAB/Simulink platform. Figure D.2 shows the primary interface 

of steady state simulations matching the conditions of the Solar simulator experiments.  

Note that each blue block is an independent model at one specific flow rate and under a 

set of environmental conditions.  

HGHW                          HGLW                      LGHW                       LGLW 

 

Figure D.2 Level-1 Block diagram of SW or SW+TG models: climatic loads matching 4 
sets of experimental tests (HGHW, HGLW, LGHW, LGLW) at five mass flow rates; e.g. 

Each blue block contains one flow rate at one set of environmental conditions. 

 

 

Figure D.3 Close up section of one SW or SW+TG model, showing input and output 
variables for one flow rate and one set of environmental conditions. 
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Discrete inputs include steady state environmental conditions such as ambient 

temperature, irradiance and wind speed; Output variables include convective wind loss 

coefficient, collector effectiveness, surface temperature, outlet temperature, collector 

efficiency, and useful heat captured (Figure D.3). 

Figure D.4 shows the logic inside each blue block, three modular components are 

calculated simultaneously and some outputs are looped back into the following time step. 

 

 

Figure D.4 Thermal network Model detail (inside each blue block): Complete View 
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Figure D.5, D.6 and D.7 expand the details inside the three blocks illustrated in 

Figure D.4. The “Air Properties” Block outputs all the necessary air properties (Figure 

D.5). The D.6 “UTC Properties” block computes important variables such as collector 

effectiveness and convective wind loss coefficient, leading up to main calculation block 

of “UTC cal” in Figure D.7. 

 
Figure D.5 Details of the “Air Properties” Block for appropriate air properties 

 

 

Figure D.6 Details of the “UTC Properties” block: preparation block for performance 
calculation of a transpired collector (SW or SW+TG);    
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Figure D.7 Detail of the “UTC_cal” block: computation of collector performance   

 

D.3 Test Results from Environmental Chamber compared to Solar Simulator: 

Convective Wind Loss Correction 

Alternative to the approximation of convective wind loss coefficient (hconv) discussed 

in Section 5.3.2, another method of numerical approximation is presented here using 

equation from Carpenter et al. (1999): 

                                   (5.44, Section 5.3.2) 

 Figure D.8 and D.9 presents the experimental value of hconv plotted against the ratio 

of Vwind/Vs.  The linear relationship is acceptable within the error range for SWv at both 

wind conditions (Figure D.8). However, the relationship barely holds true for SWv+TG 
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collector, especially at low wind conditions (Figure D.9). Additionally, the slope and 

intercept of the linear approximation is dissimilar between low and high wind conditions, 

resulting in difficulty to fit a universal approximation that works for all MFR and at all 

wind speeds between 0.9m/s to 3.5m/s. In conclusion, the approximation method 

presented in equation 5.11 (Section 5.4.4) is used for final simulation.  

 

Figure D.8 Convective heat loss coefficients in relation with Vwind/Vs ratio, for Collector 
B4 (SWv) 

 

 

Figure D.9 Convective heat loss coefficients in relation with Vwind/Vs ratio, for collector 
B5 (SW+TG) 
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D.4 Test Results from Environmental Chamber compared to Solar Simulator: 

Radiant Gain Correction 

Table D.1 View Factor for two parallel finite surfaces 

 

 

 

Figure D.10 View Factor for two parallel finite surfaces 

 

For geometry of the collector surface and the chamber façade, a=b=1.5m, c=0.77m. 

Calculated from Table D.1 and Figure D.10, the view factor from Chamber façade to 

collector surface (Ffacade-surface) equals to 0.5. 

To supplement the radiant gain results for collectors B4 and B5 in Section 5.4.2, 

radiant gain correction for the performance of C1 and C2 are shown in Figure D.11. 
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Figure D.11 Collector SWh+PV and SWh+PV+TG: Efficiency in Chamber corrected for 
radiant gain to account for heated Chamber façade surface due to lack of artificial sky. 
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Appendix E. Annual Results 

 

 

Figure E.1 Collector Outlet temperatures of SW+TG (green), and SW+PV (red), and 
outdoor temperature (black). MFR=50kg/hr/m2; Fort Smith; 

 

 

Figure E.2 Collector Outlet temperatures of SW+TG (green), and SW+PV (red), and 
outdoor temperature (black). MFR=150kg/hr/m2; Fort Smith; 
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Figure E.3 Useful power (W/m2) collected by SW+TG (green), and SW+PV (red), and 
total irradiance on Facade (black). MFR=150kg/hr/m2; Fort Smith; 

 

 

 

Figure E.4 Useful power (W/m2) collected by SW+TG (green), and SW+PV (red), and 
total irradiance on Facade (black). MFR=50kg/hr/m2; Iqaluit; 
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Figure E.5 Useful power (W/m2) collected by SW+TG (green), and SW+PV (red), and 
total irradiance on Facade (black). MFR=150kg/hr/m2; Iqaluit; 

  

 

Figure E.6 Useful power (W/m2) collected by SW+TG (green), and SW+PV (red), and 
total irradiance on Facade (black). MFR=150kg/hr/m2; Iqaluit; 
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Appendix F. Field Evaluation of PV Façade at Nunavut Arctic 

College, Iqaluit 

F.1 Project Description 

In 1995, a 3.2kWp grid-connected photovoltaic (PV) system was installed on the 

facade Nunavut Arctic College, Nunatta Campus in Iqaluit (Figure F.1). Since then, the 

façade integrated PV system has been delivering electricity to the grid with no 

interruption, confirmed by monitoring data until 2005. However, the monitoring systems 

stopped functioning in 2006. While it is entirely possible that PV is still producing 

electricity and feeding into the grid, there was no way of knowing for sure.  

 

Figure F.1 Façade PV system, Iqaluit. Left: Picture 1995 (Sunny day); Right: Picture 
2012 (Snowy day); 

 

Therefore, the proposed fieldwork took place in Iqaluit, from April 22nd to 25th 2012, 

to determine quantitatively whether the PV is currently in working order. An I-V tracer 

was brought up to quantify the PV characteristics, and the Eppley pyranometer from the 

original data acquisition systems is used to measure the local solar radiation level. The 

data gathered from the fieldwork are documented in this report.  

F.2 Testing Protocol 
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F.2.1 Technical Information of PV systems 

The PV façade installation was initiated and supported by Natural Resource Canada 

(NRCan) in 1995. Oriented at 30° West of South, there are sixty PV panels mounted 

vertically totaling 25.62 m2 of module area. The array is composed of 5 parallel groups of 

12 modules in series, three groups of which are 36 single crystalline silicon Siemens M55 

modules and the remaining two groups are 24 single crystalline Solec S-53 modules 

(Poissant et al., 2004). The details of manufacturer’s specifications for the two types of 

modules are listed in Table F.1 below.  

Table F.1 Specifications of the two types of PV modules used in the original installation 

Model Name Area 
(m2) 

Rated 
Power 

Rated 
Efficiency 

Voc Isc Vmpp Impp 

Siemens M55 0.4254 55 watt 12.9% 21.7 V 3.45 A 17.4 V 3.15 A 

Solec S53 0.4294 53 watt 12.3% 20.3 V 3.4 A 17.1 V 3.1 A 

The array output is rated at 220VDC at 25°C, and connected to a Prosine 5000 GT 

3kW inverter, which produces 208VAC and directly feeds for building electricity usage. 

The PV-generated electricity is used as it is produced, all the while displacing the diesel 

power generation. 

F.2.2 Testing Procedures 

Though the monitoring system is no longer sending data to the computer, the Eppley 

pyranometer from the original data acquisition system is still functioning to this date. The 

output voltage is manually read by a multi-meter, quantifying the value of solar 

irradiance on the PV façade (Figure F.2).  Unlike the Li-Cor pyranometer, which has 
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drifted significantly since the time of installation in 1996 due to increased spectral effects 

in high latitude, the measurements from the Eppley pyranometer remained comparatively 

reliable over time.  

 

Figure F.2 Eppley pyranometer used for measuring solar irradiance 

 

A DS-100C I-V Curve Tracer is used to determine if the PV system is still in 

operation and to evaluate the characteristic performance of the PV array. Testing was 

done on two dates, a sunny day on April 23rd and a snowy day on April 25th. In addition 

to the PV array itself (60 modules), there are also 9 experimental PV panels available for 

testing, installed at roughly the same time but unwired to the array.  

F.2.3 Limitations 

The nature of the I-V tracer allows only for momentary results of the PV 

performance. A new monitoring system will be needed to obtain continuous data and 

yearly kWh output. During the field tests, the reading from Eppley is manually taken 

from the multi-meter, therefore a few minutes lagging from the actual I-V curves. The 

error may be minimal on a sunny day when the solar radiation is relatively constant, 
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however, on a snowy day, the irradiance on the surface could change from second to 

second due to snow obstruction, causing significant errors.  

In addition, the systematic drift of the Eppley pyranometer is not corrected due to the 

lack of the calibration devise in the field. Since the testing were conducted in April 2012, 

the spectral effect that causes the pyranometer drift is minimal compared to winter 

months (Thevenard 2005; Thevenard 2006).  

Lastly, no tests were done regarding the current efficiency of the Prosine 3kW 

inverter. Though the inverter is operational (with hot air rejected from the back of the 

inverter) at the time of inspection, its efficiency drop since 1995 is unknown.  

F.3 Results and Discussion 

F.3.1 Results of Solar Radiation data from the Existing Eppley Pyranometer 

 The Eppley Precision Spectral Pyranometer (PSP) outputs a low level voltage 

ranging from 0 to ~25 mV, which is amplified to a 0-5 Volts range. The calibration sheet 

for the PSP lists the following: Sensor calibration = 8.61 .V W-1 m2. 

Since .V W-1m2= mV kW-1m2, the estimate for the output voltage of 2.66Volts is:  

Irradiance = 2.66V/5V * 25mV/(8.61 mV kW-1 m2)/*1000 = 1544.7 W/m2. 

Sample readings of the pyranometer are listed and interpreted in Table F.2 below. 

Table F.2 Eppley PSP Readings 
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F.3.2 Results from Nine Experimental PV Modules 

Five Siemens modules and four Solec modules, a total of nine experimental PV 

modules were tested individually, as shown in Figure F.3. The monitor room in the Arctic 

College is designed to provide easy access to the unwired experimental PV modules for 

education purpose.  

 

 Figure F.3 Experimental PV Module Testing  
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For each experimental module, two characteristic I-V curves were swept and the 

results were in good agreement with each other. The results from the nine experimental 

modules are representative of the Siemens and Solec PV quality, as the nine modules and 

the PV array were installed at the same time and exposed to the same weather conditions.  

All the Siemens panels are currently functioning, while two out of four Solec panels 

are not in working order (no voltage readings) and probably reached its end-of-life. It is a 

good indicator of how many PV panels of each module type that may be currently non-

functional in the solar array. Measured output of the functioning experimental PV 

modules shown significant efficiency drop from the original rated power. The results of 

the nine experimental modules are summarized in Table F.3, allowing relevant insights 

into the current array performance. 

Table F.3 Experimental PV modules Testing Results 

 

 
Though the results may have been tempered with systematic errors due to 

pyranometer drift as well as the time lag between irradiance reading and I-V curve 

sweeping, the data are consistent with each other on the same day. Figure F.4 below 
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illustrates the different I-V curves of the same experimental modules (A1 Siemens and 

A4 Solec) on a sunny and a snowy day.  

 

Figure F.4 I-V curves of sample experimental modules under Sunny and Snowy weather 

 

As can be seen on Figure F.4, the falling snow sometimes causes zigzags on the 

curve (A1 Siemens Snowy day). Interestingly, the fill factor, as well as PV efficiency on 

a snowy day is better on the snowy day than it is on the sunny day, for both Siemes and 

Solec modules.  

F.3.3 Results from the Total PV Array 

The open-circuit voltage of the whole array is measured on both the sunny and snowy 

days. The rated open-circuit voltage of the array is 220VDC at 25°C, using the 
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manufacturer’s Voc temperature coefficient of -0.34%/°C, the open-circuit voltage values 

were calculated and compared to measured values, listed in Table F.4. 

 
Table F.4 Open-circuit Voltage of PV Array on April 23rd (sunny) and 25th(snowy), 2012 

 Temperature 
daily mean 

Temperature 
daytime 

Measured 
Array Voc  

Calculated Voc from rated Voc at 
25°C 

Sunny day -12.6°C -10°C 250Vdc 246.2Vdc 

Snowy day -10.7°C -6.6°C 231Vdc 243.6Vdc 

 

The solar array is composed of three parallel groups of Siemens modules (L1, 36 

modules total) and two parallel group of Solec modules (L2, 24 modules total). The I-V 

curve tracing was done only for snowy day, details of the wiring and connections are 

shown in Figure F.5. 

 

Figure F.5 Solar Array Testing: DC wiring in mechanical room for Siemens (L1) and 
Solec (L2) array 
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 The results of the PV array performance are summarized in Table F.5 below. Three 

separate tests (I-V curve and Eppley measurements) were conducted for each array (L1 

and L2) on April 25th (snowy) from 10:30 to 11:30am.  

 
Table F.5 Results of Solar Array Performance (snowy day) 

 

 
The efficiency reduction of Solec modules has dropped by 50% since 1995 

installation, while the efficiency drop of Siemens modules is only around 30%. 

Considering the findings from the 9 experimental panels, half of Solec experimental 

panels stopped functioning while all of the Siemens panels are still in operation. The 

significant efficiency reduction of Solec array can be attributed to the performance drop 

of each individual Solec panel, as well as due to the dead modules that adversely affect 

the entire string.  

Figure F.6 illustrates the characteristic performance of the two PV types (L1 and L2), 

at an irradiance of 257 watt/m2. Siemens (L1) offers a much better fill factor and 

efficiency, compared to Solec (L2) modules. It is strongly suspected that some of the 

Solec modules in the strings are no longer functional, bringing down the efficiency of the 

entire L2 array. 
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Figure F.6 I-V curves of the Solar Array (L1 Siemens, L2 Solec), snowy day 

  

F.4 Conclusions 

This fieldwork provided the most recent updates of the Nunavut Arctic College PV 

façade project in April 2012. The entire photovoltaic array is in working order to this 

date, at 8% overall electric efficiency. The Prosine 5000 GT 3-kW inverter is also fully 

functional, feeding AC electricity to the school for the past 17 years.  

The monitoring systems stopped feeding data since 2006, though some of the 

instruments are still capable of reading measurements, such as the Eppley pyranometer. 

Calibration of the pyranometer is much needed and future monitoring projects should 

take into consideration the long-term pyranometer drift in high latitude locations.  

Two types of single crystalline silicon PV panels were evaluated, Siemens M55 and 

Solec S53. The current output (on a snowy day) of the Siemens array is at 9.3% overall, 

28% less than its original rated efficiency. However, the Solec array is producing only at 

6.2% overall, 50% less than its original rated efficiency.  
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Moreover, among the nine experimental modules tested, all of the Siemens 

experimental modules are functional while two out of four Solec modules output no 

voltage. This finding indicates that some of the Solec panels in the array have also 

reached their end-of-life, contributing to the significant Solec array efficiency drop. In 

summary, though the initial rated output of the two PV types are very similar, in a long 

run, Siemens panels are performing more reliably than Solec modules.  

It is also important to recognize limitations of the field tests conducted. Only 

momentary results of PV performance are evaluated using I-V curve tracing, and the 

efficiency of PV modules may be systematically overestimated due to pyranometer drift.  

The fact that the Nunavut Arctic College photovoltaic façade is outputting AC 

electricity to this date is encouraging. Photovoltaic has been proven to be a reliable 

technology for the far North at its current life span of 17 years (1995-2012). Since its 

operation in 1995, the PV façade and the inverter have outlasted two installations of 

monitoring systems, even under the harsh weather of Iqaluit.  

It is extremely rare to find such existing full-scale photovoltaic installations of 

similar service life span that are still functioning, especially for high latitude locations. 

Depending on the availability of funding and technical support, it may be worthwhile to 

install new monitoring systems to provide annual data on PV performance. Calibration of 

the existing Eppley pyranometer should be performed, and may be expanded to a 

research project studying the long-term spectral effects on pyranometer drifts. The 

current inverter efficiency could be monitored as well, to quantify efficiency drop and to 

address the aging effects of solar inverters.  
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Appendix G. Field Survey of Façade Integrated Unglazed 

Transpired Collectors in the Northwest Territories 

G.1 Project Description 

This research project took place between May 7th and May 26th, 2012, at locations in 

the Northwest Territories (NWT) where full-scale façade integrated solar transpired 

collectors were installed. The fieldwork is collaborated between Arctic Energy Alliance 

and Concordia University, with financial support from the Concordia Graduate Student 

Mobility Award to the author.  

The existing solar transpired collector (UTC) installations in NWT go by the product 

name of “SolarWall”, commonly a dark metal cladding on the exterior wall perforated 

with small and distributed holes. It is a well-researched and widely implemented façade-

integrated solar thermal technology in Canada’s North.  

From past experience, the existing installations of SolarWall do not function very 

well under the harsh Northern climate. This research project is initiated in an effort to 

evaluate the current performance of SolarWall and to investigate the underlying causes of 

common operational problems.  

In addition to field inspections and on-site visits, the project also implemented or 

proposed monitoring systems for selected SolarWall installations. A scientific protocol is 

established regarding parameters of interest, while keeping cost-effectiveness of the 

monitoring systems in mind. There are also long-term plans for logging and servicing the 
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monitoring data (1-year minimum) to facilitate future assessment and improvements of 

the solar transpired installations in Northern Canada. 

G.2 Inventory of SolarWall installations in NWT 

G.2.1 Overview 

There are a total of six known SolarWall (unglazed transpired collector) installations 

in the NWT, shown in Table G.1 and G.2. Due to time and budget constraints, the author 

was able to travel to Yellowknife and Inuvik for on-site inspection for five out of six 

SolarWall projects (except for the Fort Smith installation). 

Table G.1 Inventory of SolarWall projects in NWT 

 

The diversity exhibited by the SolarWall projects in NWT is helpful for comparing 

system performance and operational issues. As shown in Table G.1, SolarWall sizes 
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range from 26 m2 to 200 m2 and their installation times vary from 1998 to 2011.  Four out 

of six systems were implemented at or near the time of building construction (Original 

systems), while the other two systems were add-ons after the buildings were completed 

and occupied (Retrofit systems).  

Some of the operational or design problems may be local to a certain installation, 

while others are shared between several installations, as summarized in Table G.2. Note 

that the site inspection was conducted in the spring/summer time (May 2012), and winter 

issues such as icing and reduced efficiency cannot be confirmed by this project alone.  

Table G.2 Summary of operational details for SolarWall installations in NWT 

 

The site visits concluded that two out of six SolarWall installations are currently 

functioning, while two systems are definitely not operational, and the state of the 

remaining two systems is unknown. Only one system (Fort Smith) was monitored from 
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2000 to 2002 by Enermodal Engineering as part of the follow-up mandates. The rest of 

the systems have no monitoring equipment to keep track of the energy saving or to detect 

potential operational problems. Section G.3 will go into details about implementing new 

monitoring systems for some of the existing SolarWall installations.   

G.2.2 Individual Systems 

The individual systems listed in Table G.1 and G.2 are shown in Figure G.1 to G.4, 

except for the projects at Weledeh Catholic School (Yellowknife) and at Aurora Research 

Institute (Inuvik), which will be discussed in detail in Section G.3 as candidates for 

adding new monitoring equipment. All the pictures in Figure G.1 to G.8 are taken by the 

author, with the exception of Figure G.3 (Conserval Engineering, 2010c). 

Figure G.1 shows the SolarWall at the Yellowknife GeoScience building from afar 

(left) and close-up (right). It is clear that vegetation in front of the solar collector has 

grown out of the control since the installation in 2003. As the building is located at the 

bottom of a small hill, the low altitude further aggravated the vegetation shading on the 

SolarWall surface, showing lack of considerations from the design phase.  

 Furthermore, the building occupants and owner are separate parties that only 

communicate with each other when there is a maintenance work order. Despite our best 

efforts and repeated site visits, the building owner was not able to provide with technical 

information concerning the current state of the SolarWall operation. The occupants 

expressed interests in learning more about the active solar system in their own building. 

However, little information was available due to staff turnover and the segregation 

between occupants and owner. Though the status of operation is shown as ‘unknown’ in 
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Table G.1, we concluded that it is most likely that this SolarWall installation is not 

functioning at the moment.  

Figure G.1 SolarWall at the GeoScience Building, Yellowknife, 62.4ºN 

 

The next system in Yellowknife is also the only residential installation in this survey. 

The SolarWall system occupied the entire west façade of a private house in Yellowknife, 

while solar hot water collectors and photovoltaic panels are mounted on its east roof 

(Figure G.2, left). The SolarWall is designed to pre-heat air for the HRV system in the 

basement (Figure G.2, right) or to directly offset space heating load.  

According to the owner, the SolarWall hasn’t worked at all since its installation in 

2009. Though all the mechanical components are in working order, there is an electric 

wiring issue with the fan that draws the pre-heated air. Since it is a residential project, no 

commercial building control company was involved and the work quality relied upon the 

skills of private contractors. The cost of hiring a qualified electrician to fix the fan wiring 

is prohibitive at the moment.  

 
Figure G.2 SolarWall façade on a private house, Yellowknife, 62.4ºN 
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The investigation of the Fort Smith project (Figure G.3) is solely based upon 

literature, as no site visits were conducted. Monitoring reports by Enermodal Engineering 

(2001, 2002 and 2005) shown that the combination of SolarWall and HRV contribute to 

78% of total energy needed for ventilation air heating, 60% of which attributes to HRV 

alone while SolarWall is responsible for only the remaining 18%.  

At a considerable added cost, this particular solar installation is not very effective in 

improving the building energy efficiency for several reasons. Firstly, the wall is oriented 

significantly off south at an azimuth of 55º West, a permanent handicap from design.  

During operation, the controls of drawing solar heated air is often in ‘Manuel Operation’, 

while the system would perform more effectively if thermostatically controlled.  In fact, 

in email communication records (McCluskey, 2001), expert from Arctic Energy Alliance 

has mentioned that “We won’t be marketing many Walls (SolarWall) north of 60 degrees 

based on the returns of the Ft. Smith Wall”. 

Figure G.3 SolarWall at Fort Smith Recreation Center, Fort Smith 60ºN, Picture from 
Conserval Engineering (2010c) 

 

Figure G.4 shows another SolarWall installation at the former Young Offenders 

Correctional Facility in Inuvik. Though there are no reported issues on the SolarWall 

itself, the system is not in operation as the building is currently unoccupied and unlikely 

to become habitable due to serious structural and foundation failure.  
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Figure G.4 Left: SolarWall at Female Young Offenders Correctional Facility, Inuvik 
68ºN; Right: Honeywell Building Control System Interface showing SolarWall controls 

 

As shown in Figure G.5, there are countless growing cracks on the drywall, 

window/door frames, and floors across this large institutional building. Quick inspection 

of the building perimeter and architectural drawings revealed that its design is seriously 

flawed.  The building is constructed on a pad foundation, which relies completely on the 

flatness of the ground and the rigidness of the permanent frost. Six large thermo siphons 

(Figure G.4, left) are constructed to prevent the permanent frost from melting. However, 

the mechanical engineers designed in-floor radiant heating on the ground floor, with only 

4” of insulation beneath the concrete floor slab.  The permanent frost is essentially heated 

continuously throughout the winters, tearing apart the building as it slowly sinks into the 

melting ground since its completion in 2005. 

 

Figure G.5 Interior Structural Failures at Female Young Offenders Correctional Facility 



 
 

213!

G.3 Monitoring Projects 

G.3.1 Selection of Candidates for Future Monitoring 

There is a general lack of effort in monitoring solar installations after construction.  

The only monitored SolarWall system in NWT, the Fort Smith system, produced data 

from 2000 to 2002 with no updates since then. This research project concluded that 

continuous monitoring plans are essential to truly quantify the suitability and durability of 

solar installations in the North. Two NWT SolarWall installations, at the Weledeh 

Catholic School in Yellowknife and at the Aurora Research Institute (ARI) in Inuvik, 

were selected as monitoring candidates for the following reasons:  

• Both systems are currently functional with no known operational issues; 

• Owners and facility managers of the buildings are very enthusiastic and cooperative 

about the monitoring project; 

• They are the oldest and the newest SolarWall in NWT (Weledeh system is completed 

in 1998 while the ARI system in 2011); 

• They are the largest and the smallest SolarWall collectors in NWT (Weledeh system 

is 200 m2 while ARI system is 26 m2);  

• They are located in two different cities and each building employs a different 

control company (Weledeh system uses Honeywell while ARI system uses Siemens 

control); 

To obtain the energy output and solar fraction of the SolarWall systems, it is 

necessary to obtain monitoring values for parameters of interest, such as air mass flow 

rate, exterior temperature, air temperature and relative humidity at collector outlet, etc. 
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Fortunately, some of those sensors are already implemented by the building control 

company (Honeywell or Siemens), to execute the thermostatic control algorithms. 

Though past data were stored in temporary memory and cannot be recovered, the existing 

infrastructure is able to log future sensor data simply by asking the software to trend and 

store sensor values. 

By using existing sensors, the cost of implementing new monitoring systems can be 

reduced. With reasonable redundancy in sensor selections, the project proposals (Section 

G.3.2 and G.3.3) aim to build solar monitoring capacity in NWT in an efficient and cost-

effective manner.   

G.3.2 Monitoring Project 1: Weledeh Catholic School, Yellowknife 

The monitoring project for the SolarWall installation at the Weledeh Catholic School 

took place during the site visits in May 2012 (Figure G.6). The project was made possible 

with the help of the building facility manager and maintenance staff at the Weledeh 

school.  

Figure G.6 Left: SolarWall at Weledeh Catholic School, Yellowknife 62.4ºN; Right: 
Honeywell Building Control System Interface showing SolarWall controls 
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Data from some of the existing sensors, such as the exterior temperature, SolarWall 

outlet temperature, damper and fan status, are logged since June 2012 with the help of 

Honeywell technicians. 

The new sensors and data acquisition system were purchased or donated by the 

Arctic Energy Alliance and the NSERC Smart Net-zero Energy Buildings Strategic 

Research Network. New sensors for temperature (exterior and in-duct), relative humidity, 

solar radiation have been installed by the author (Figure G.7). The data points are logged 

every 15 minutes by an Agilent system and fed into a local laptop for storage. All the 

parameters necessary to calculate the total amount of solar thermal energy captured by 

this façade solar installation are currently monitored.  

Figure G.7 Locations of New Sensors implemented for the Weledeh SolarWall system 

 

There are still a few tasks left as part of the monitoring efforts. The data logged from 

the Honeywell interface need to be transferred to a secure server that can be accessed 

remotely via Internet. The local laptop storing data from new sensors also needs to 

connect to the Internet to allow for Remote Desktop connection. The Agilent system is 

currently set to work until August 17th and its scan rate needs to be reset before then to 

accommodate long-term monitoring. Finally, the Arctic Energy Alliance is responsible 

for servicing and analyzing the monitoring data throughout the year. The ultimate goal is 
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to monitor and evaluate the performance of this 14-year old SolarWall system in 

Yellowknife.  

G.3.3 Monitoring Project 2: Aurora Research Institute, Inuvik 

The Aurora Research Institute (ARI) has recently completed three renewable 

installations including a wind turbine, a photovoltaic system (solar electric), and a 

SolarWall façade (solar thermal). For education and demonstration purposes, the ARI 

plans to monitor all three renewable systems and enable real-time online display of the 

renewable energy generation. The objective of this project is to monitor one of the 

renewable systems, the SolarWall façade located on the penthouse at the back of the ARI 

building (Figure G.8, left).  

 

Figure G.8 Aurora Research Institute, Inuvik 68ºN; Left: Back of building with 
SolarWall on the Penthouse; Right: Front of building; 

 

Unlike the Weledeh monitoring project that is close to completion, the monitoring 

project for the ARI SolarWall is still at the proposal stage. Contacts were made during 

site visits in Inuvik, and the ARI is very supportive of the initiative. It would be 

extremely interesting to compare the SolarWall performance at ARI (installed in 2011) 
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with the SolarWall at Weledeh (installed in 1998) to determine the durability such solar 

thermal systems at high latitudes.  

The ARI building uses Siemens building control system, the algorithm of which also 

includes the control of SolarWall operation for fresh air pre-heating. Data from existing 

sensors, including exterior temperature, SolarWall outlet temperature/humidity, damper 

and fan status, can be logged using the Siemens interface.  

Several new sensors are needed to fully monitor the SolarWall energy output as well 

as the system’s efficiency. Inside the mechanical room, one Relative Humidity sensor and 

two air velocity probes will be positioned at the SolarWall air intake duct to measure the 

incoming mass flow rate (Figure G.9). At the exterior, a pyranometer and a temperature 

sensor will be mounted to measure solar radiation and outdoor temperature.  

 

Figure G.9 Sensors Installation, at SolarWall air intake inside the mechanical room 
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All the new sensors can be configured to generate analog output of 0-5mV or 4-

20mA, which will be wired to feed into the Siemens data acquisition and displayed by the 

Siemens Insight interface on the local desktop. Internet connection is needed on this 

desktop to upload offline data to online servers for safekeeping and real-time display.  

This monitoring project incurs two-part costs, including: 

1. Hardware cost of new sensors and accessories, plus shipping and taxes;  

2. Labor and work order cost from Public Works and Siemens to install, wire and 

program the new sensors, as well as to set up desktop internet connection, retrieve 

data points and to maintain the server. 

G.4 Conclusions 

The SolarWall collector developed by Conserval Engineering is a proven solar 

thermal system that has worked well in populated areas. Natural Resources Canada has 

commissioned multiple reports to study the technical and economic feasibility of 

SolarWall system in northern remote communities, including monitoring reports on the 

Fort Smith installation (Enermodal Engineering, 2001, 2002 and 2005). 

Based on findings from this applied research project, the SolarWall installations in 

Canada’s North are experiencing some design and operation challenges. Firstly, most 

SolarWall installations in NWT are oriented off south to different extents, due to site 

restriction or lack of design efforts. The non-optimal orientation contributes to significant 

annual loss and prolonged payback time. For Northern applications where energy is 

expensive, it is vital that solar installations are oriented as south facing as possible.  
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Secondly, there is ongoing segregation and communication disconnect between the 

building owner and occupants in commercial buildings, leading to gaps in knowledge 

transfer of building systems, especially for innovative systems like the SolarWall.  

Despite the local financial incentives, little technical support is present for residential 

solar projects. The work quality relies completely on the competence of individual 

contractors who are called in to do the installation. The arising issues with renewable 

energy systems in the North are often more human than it is technical, 

Energy cost evaluation is extremely complex in Canada’s North, as infrastructure 

costs for fossil fuel (e.g. tanks and pipeline) are not included in the actual energy price 

(Enermodal Engineering, 1997b). With additional government subsidy injected to the 

energy sector, calculation of payback time for solar installations is conducted on unlevel 

playing fields when compared with traditional fossil fuel prices. 

Therefore, financial incentives and technical support for adopting renewable energy 

are necessary in the North. To avoid the mentality of ‘build and forget’, the incentive 

programs for SolarWall and other renewable systems should make ongoing monitoring 

mandatory for all new installations. The monitoring data obtained from this research 

project will offer insights to the suitability and durability of solar transpired collectors in 

the North. Only by quantifying the performance and learning from the past mistakes, can 

we improve the current state of building-integrated solar systems at high latitude 

locations.  


