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ABSTRACT 

The main thrust of this research is to propose an optimal solar fraction design method 

for the photovoltaic-thermal (PV/T) system applied to the established liquid desiccant 

and evaporative cooling-assisted 100% outdoor air system (LD-IDECOAS). The 

PV/T system provides the electric power and hot water simultaneously, which are 

required to operate the liquid desiccant unit in the established system. Optimal solar 

fraction determination process for the PV/T applied to the LD-IDECOAS was 

established via detailed energy simulation performed by integrating the commercial 

equation solver program with TRNSYS 17. The design variables, such as weather and 

system operating conditions were changed to find conditions returning the optimum 

solar fraction at a specific location. This study suggests the process to find optimal 

solar fraction providing energy savings and CO2 emission reductions. 
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INTRODUCTION  

Net zero energy indicates as much generation of new renewable energy as energy 

consumed by building or system during a year and a necessity of optimally designed 

New Renewable Energy system suitable for energy consumption of building increases 

from the early stage of design for the purpose of designing an effective system. 

Therefore, in order to design the optimum photovoltaic-thermal (PV/T) system 

applied to the established liquid desiccant and evaporative cooling-assisted 100% 

outdoor air system (LD-IDECOAS), PV/T system energy density model that 

calculates energy consumption varied according to weather condition is to be 

suggested and an optimization plan is to be suggested through solar fraction change 

rate after predicting annual energy consumption via energy simulation of cities with 

various climates. 
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SYSTEM OVREVIEW 

(1) LD-IDECOAS 

Indirect and Direct Evaporative Cooling Assisted 100% Outdoor Air System 

(IDECOAS) can reduce 40% of annual operating energy compared with the existing 

VAV air distribution system (Kim et al. 2011). However, the problem of this system is 

that comparatively lowered evaporative cooling effect during hot and humid summer 

reduces energy-saving effect compared with other seasons. Accordingly, a plan was 

suggested to increase evaporative cooling effect by dehumidifying the outside air 

coming in after installing Liquid Desiccant (LD) at the outside air inlet of IDECOAS 

(Kim et al. 2013). LD consists of an absorber which performs dehumidifying action 

by spraying dehumidifying solvent at the air coming in and of a regenerator that heats 

diluted dehumidifying solvent to regenerate after the dehumidifying action. Heating 

coil is used in the regenerator to maintain 45 to 80℃ of general regenerating 

temperature of dehumidifying solvent and cooling coil is used in the absorber to 

maintain 15 to 30℃of temperature in order to have continuous dehumidifying 

reaction by removing heat released when dehumidifying solvent absorbs moisture in 

the air. 

 

 
Figure 1. LD-IDECOAS schematic diagram 

 

(2) PV/T system 

In PV/T system, PV module installed on the front of the panel generates electricity 

from sunlight energy projected on the panel and heat collecting unit installed on the 

rear collects solar heat. Direct current (DC) electricity generated from PV module can 

be used after saving in battery bank or after converting into alternating current (AC) 

electricity via inverter directly. Meanwhile, thermal energy obtained from solar heat 

collection is stored in a thermal storage tank after having gone through heat exchanger 

and then is transferred to a place where warm water supply is required. In this 

research, for Liquid Desiccant of LD-IDECOAS pilot system, heat required for 

regenerating dehumidifying solvent and electricity necessary for operating system 

were supplied from PV/T system as shown in Figure 2. 
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Figure 2. PV/T system schematic diagram 

 

PV/T SYSTEM ENERGY GENERATION MODEL 

(1) Design variables related to the performance of PV/T system 

Uncontrollable variables among other design variables affecting the performance of 

PV/T system are related to weather conditions such as temperature, humidity, 

clearness, solar irradiance and so forth. Weather data of the relevant city adopted 

TRNSYS 17 which is a program interpreting dynamic building energy and this 

program uses TMY2 type of weather data on major global cities. Table 1 shows 9 

major cities where weather data is supplied and climate and location of each area 

according to Koppen’s Climate Classification and the time included in operating 

region, one of the conditions to operate LD-IDECOAS, was calculated. operating 

region is a condition that set point (i.e., 15◦C saturated) of temperature of SA outlet of 

DEC and  80% of efficiency of IEC were set (Kim et al. 2014). 

 

Table 1. Considered weather conditions 

Group 
Koppen’s 

Climate 
City Latitude Longitude 

Hours in 

operating region 

A 
Af Singapore 1°22′N 103°48′E 8760 

Aw Bangkok 13°45′N 100°31′E 8760 

B 
Bwh Riyadh 24°38′N 46°46′E 111 

Bsk Teheran 35°41′N 51°25′E 23 

C 
Cfa Hongkong 22°15′N 114°10′E 6794 

Cfa Nagoya 35°10′N 136°55′E 4808 

D 
Dfa Seoul 37°34′N 126°58′E 2851 

Dwa Beijing 39°55′N 116°23′E 2770 

E ET Inukjuak 58°27′N 78°06′W 0 

 

Slope angle and Azimuth angle which are variables related to installation of the 

system among other variables affecting the performance of PV/T system were set as 

getting the maximum solar irradiance with the existing literature (Duffie, J. A., & 

Beckman, W. A. 2009). Variables related to features of product decide electricity and 
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thermal efficiency. Electric characteristics are divided into rated power efficiency (𝛈𝒓) 

and the maximum electricity (𝑷𝒎𝒂𝒙) and are divided into heat penetration absorption 

rate (𝑭𝑹(𝝉𝜶)𝒏
̅̅ ̅̅ ̅̅ ̅̅ ) and specific heat loss coefficient (𝑭𝑹𝑼𝑳) in thermal characteristics 

and variables related to features of product are organized into four variables in total 

(Lee et al. 2013). 

(2) Data pool creation 

To analyze the effects of each variable and a combination of variables on energy 

generation in PV/T system with 2K factorial design method, maximum vale and 

minimum value were set by each variable like in Table 2. There was also a need for 

data pool on every possible combination of these variables. At this point, weather 

condition was set by referring to a research by Löf et al (1966) and temperature was 

set within the scope of 15℃, the minimum temperature for operating LD-IDECOAS, 

up to 56.7℃, registered as the highest outside air temperature in the world in WMO 

(2014). Variables regarding product features were set using the maximum and 

minimum values of the features of Photovoltaic module and of solar thermal collector 

of every product included in Retscreen 4. Total 7 variables have their own maximum 

and minimum values so every possible combination of these variables was 27=128 in 

total and the amount of energy generation per unit area was required to be given to 

each combination. Table 3 shows the result of an analysis on the effect of each 

variable in energy generation model. The effect of solar radiation is the greatest in 

electrical energy and thermal energy generation model and the efficiency differs by 

product features. 

 

Table 2. Maximum and minimum values of parameters 

Parameters Min Max 

Temperature (𝑇𝑎) 15.0℃ 56.7℃ 

Total tilted surface solar radiation (𝐻𝑇
̅̅ ̅̅ ) 1.4 kWh/m2 13.06 kWh/m2 

Clearness Index (𝐾𝑇) 0.09 0.6 

Nominal electrical efficiency (𝜂𝑟) 10.4% 19.6% 

Maximum power (𝑃𝑚𝑎𝑥) 0.075kW/m2 0.198 kW/m2 

Transmission-absorption rate (𝐹𝑅(𝜏𝛼)𝑛
̅̅ ̅̅ ̅̅ ̅̅ ) 0.50 0.79 

Heat loss coefficient (𝐹𝑅𝑈𝐿) 3.25 W/m2℃ 7.45W/m2℃ 

 

Table 3. Correlation analysis of energy generation model parameters 

Electrical energy generation model parameters 

Parameter 𝐻𝑇 𝜂𝑟 𝑃𝑚𝑎𝑥 𝐻𝑇 ∙ 𝜂𝑟 𝐻𝑇 ∙ 𝑃𝑚𝑎𝑥 𝜂𝑟 ∙ 𝑃𝑚𝑎𝑥 𝐻𝑇 ∙ 𝜂𝑟 ∙ 𝑃𝑚𝑎𝑥 

Correlation 60.79 0.21 18.98 0.14 12.34 0.043 0.028 

Thermal energy generation model parameters 

Parameter 𝑇𝑎 𝐻𝑇 𝐹𝑅(𝜏𝛼)𝑛
̅̅ ̅̅ ̅̅ ̅̅  𝐹𝑅𝑈𝐿 𝑇𝑎 ∙ 𝐻𝑇 𝑇𝑎 ∙ 𝐹𝑅𝑈𝐿 𝐻𝑇 ∙ 𝐹𝑅(𝜏𝛼)𝑛

̅̅ ̅̅ ̅̅ ̅̅  

Correlation 2.21 84.09 7.19 0.003 0.002 0.003 4.68 
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(3) PV/T system energy generation prediction model 

In this research, only the variables with great effects were extracted with 

combinations of variables obtained from a correlation analysis and PV/T system 

energy generation prediction model was suggested. In case of electrical energy 

generation model, a highly reliable model with 0.995 of R2-value was obtained with 

two variables of solar radiation and power of PV/T product, like in Equation 1. In case 

of thermal energy generation model, it could be organized into total four variables of 

solar radiation, outdoor air temperature, transmission-absorption rate and heat loss 

coefficient like in Equation 2 and R2-value was 0.994. Interactions between the 

variables were taken into account and prediction model was obtained as in Equation 3 

and 4 and model coefficients are shown in Table 4. 

 

 maxTelec P,Hfq                                                     (1) 

  LRnRaTther UF,ατF,T,Hfq                                          (2) 

     maxT3max2T10elec PHαPαHααq                                (3) 

           nRT5LR4nR3T2a10ther ατFHαUFαατFαHαTααq         (4) 

 

Table 4. Linear prediction model coefficients 

 α0 α1 α2 α3 α4 α5 𝑅2 Std.Dev. 

�̇�𝑒𝑙𝑒𝑐 -1.1E-15 +1.0E-16 +5.2E-15 +0.866   0.995 0.061 

�̇�𝑡ℎ𝑒𝑟 -0.808 +0.028 -0.026 +0.000 -0.098 +1.000 0.994 0.310 

 

ENERGY SIMULATION 

 Flow chart for net zero energy system in Figure 3 shows the annual energy 

consumption of LD-IDECOAS and the annual energy generation in PV/T system. 

Entering weather data and product information in PV/T system generation model 

suggested calculates the energy density which is the energy generation per unit area. 

Area required for PV/T is to be obtained after considering the amount of energy 

consumed and calculated area differs by load type. Optimum solar fraction where the 

amount of energy consumed and that of energy generated become the same is sought 

by repeating the process of looking for the optimum design spot with change in solar 

fraction after setting design basis load. 

If installing pilot system in particular cities within each climate area, TRNSYS 17, a 

program for calculating weather data of the cities and load, was adopted to calculate 

the required load of system. Electric and thermal load changing by condition of the 

outside air was calculated to maintain the setting values of 24℃ of temperature and 

55% of humidity in a space measuring 33m2 using LD-IDECOAS. At this moment, 

300CMH of constant air volume was supplied and only the weather conditions 

applicable to the operating region were reflected. 
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Figure 3. Optimization of solar fraction flow chart 

 

This research showed the result of calculation by city using commercial PV/T 

product features (Table 5). Maximum daily load in monthly average during annual 

operable hours and required area were calculated in accordance with PV/T system 

energy generation model. Peak load and maximum area occur between July and 

August with the highest temperature, humidity and solar irradiance (Table 6).  

 

Table 5. PV/T product characteristics 

𝑃𝑚𝑎𝑥 𝑉𝑚𝑝𝑝 𝐼𝑚𝑝𝑝 𝜂𝑟 𝛽 

250W 30V 8.34A 15.4% 0.40%/℃ 

𝑇𝑁𝑂𝐶𝑇 𝑇𝑂𝑝𝑒𝑟 𝑟𝑎𝑛𝑔𝑒 𝐹𝑅(𝜏𝛼)𝑛
̅̅ ̅̅ ̅̅ ̅̅  𝐹𝑅𝑈𝐿 Area 

47℃ -40~85℃ 0.67 4.06W/m2℃ 1.62 

 

Table 6. Peak load and required PV/T system area 

 Peak-load (kWh/day) Maximum area (m2) 

Electric Thermal Electric Thermal 

Singapore(Af) 36.91 108.47 47.74 30.42 

Bangkok(Aw) 37.95 107.33 52.68 32.42 

Hongkong(Cfa) 38.67 103.27 73.77 46.43 

Nagoya(Cfa) 36.86 97.51 56.57 32.32 

Seoul(Dfa) 27.63 67.93 63.51 36.02 

Beijing(Dwa) 26.79 65.38 62.58 37.28 
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Since electric load is a variable that is most greatly influenced by solar radiation, peak 

load appeared in the regions with the best solar irradiance. Furthermore, thermal load 

shows peak load at the equator as it is influenced not only by solar fraction but 

temperature to a great degree. 

 

OPTIMUM SOLAR FRACTION OF PV/T SYSTEM 

 For PV/T system optimum solar fraction, the rate where total energy consumed 

during operating period and energy generated from PV/T system become the same 

was looked for. To verify a tendency depneding on latitude, Table 7 shows average 

weather conditions during the operating period and required load with solar fraction. 

As a result, not only peak load but average load, it is known that electric load is 

affected by solar radiation and thermal load is affected by solar fraction and 

temperature. Figure 4 shows that solar radiation is generally in inverse proportion to 

solar fraction designed for electric. And solar fraction designed for thermal load is 

more influenced by the outdoor air temperature than solar fraction designed for 

electric load is. 

 

Table 7. City weather conditions and PV/T system optimum solar fraction of city 

City Singapore Bangkok Hongkong Nagoya Seoul Beijing 

Latitude 1°N 13°N 22°N 35°N 37°N 39°N 

Avg. Radiation 

(kWh/m2) 
6.0 7.5 5.4 5.0 4.0 4.8 

Avg. Temp (℃) 26.6 27.7 25 22.6 22.9 23.4 

Required 

load 

(kWh/yr) 

Elec 323.37 320.45 248.02 159.69 93.61 91.89 

Ther 778.64 744.12 580.66 267.30 175.90 177.06 

Optimum 

solar 

fraction 

Elec 44.91% 30.84% 33.42% 37.46% 39.18% 32.41% 

Ther 70.47% 50.11% 53.10% 65.56% 69.08% 61.64% 

 

  
Figure 4. Relationship between PV/T system solar fraction and weather conditions 
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CONCLUSIONS 

In this research, it is the optimum design method for net zero energy of PV/T system 

applied to LD-IDECOAS pilot system. Suggesting a model which can predict the 

energy generation of PV/T system by entering weather condition and product 

information, a method to obtain optimum solar fraction at design stage was suggested. 

The main results of this research are as follows. 

First, PV/T system has the biggest effect on solar radiation among other weather 

conditions. The results of an analysis on variables of energy generation model shows 

more than 60% of correlation ratio and this indicates that it wields a great influence on 

the installation angle and latitude of region. 

Second, PV/T system solar fraction designed electric load can be predicted with 

solar radiation. It shows a tendency of fraction being in inverse proportion to solar 

radiation varying depending on latitude. 

Third, PV/T system solar fraction designed thermal load affects not only solar 

radiation but the outdoor air temperature. The general movement is decided by 

radiation with greater influence, however, the result of comparing latitude in small 

dynamic range has proved that the influence differs by temperature. 
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