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Abstract

Cooling system represents a growing market in buildings worldwide, with a particularly significant growth rate observed in
commercial buildings. Solar driven cooling system can be a promising alternative to traditional electrical cooling system. It can be
used in combination with solar thermal collectors or photovoltaic collectors to release the duty caused by electrical cooling system.
In this study, the performance of three different solar cooling systems is examined, namely: 1) a solar electrical, 2) a solar thermal
and 3) a traditional electrical cooling system. The first system employs photovoltaic module to drive a conventional electrical
chiller. The second system uses solar thermal collectors to drive a heat driven adsorption chiller and the third one utilizes the grid
power to feed the electrical chiller. Assessment of life-cycle costs of these three systems are conducted to verify the best option for
buildings. A case study in Hong Kong is conducted to assess the three cooling systems.
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1. Introduction

Energy consumption of building sector accounts for approximately 40% of final energy consumption in the
worldwide [1], and 14.6% was taken by the cooling load. Conventional cooling systems was driven by use grid
electricity. Nowadays solar cooling system offers a sustainable and reliable solution, which can be divided in two main
categories: solar thermal cooling and solar electric cooling [2-3]. Recent years, many researchers had taken the
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possibility of operating an adsorption chiller with solar energy into account both numerically and experimentally, for
example [4-5]. The performance of a solar powered adsorption air—conditioning system, installed in the green building
of Shanghai Research Institute of Building Science, was investigated by Zhai et al. [6]. Meanwhile, several researchers
had compared the performance of solar thermal cooling systems with solar electrical cooling systems [7]. However,
there is a limited study comparing the performance of solar electrical cooling systems with adsorption solar thermal
cooling systems.

In this paper, assessment of life-cycle costs of the solar electrical cooling system, solar thermal cooling system and
traditional cooling system are conducted to verify that which is the best option for buildings. TRNSYS building energy
model is used to calculate the operation cost of these three cooling systems.

2. Description of the examined cooling system
2.1. Solar thermal cooling system

Fig. 1(a) shows a conceptual solar thermal cooling system. It includes four parts, i.e. solar thermal collector, storage
tank, adsorption chiller and building user. Solar thermal collector is employed to collect the solar energy and then
convert the solar energy into heat. The storage tank, considered as hot heat transfer medium, receives the heat collected
from solar thermal collector. Adsorption chiller, which is powered by heat, supplies the cooling to the building user.
A detailed and comprehensive description of adsorption chiller’s operation principle can be found in [8].
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Fig. 1. (a) Solar thermal cooling system; (b) Solar electrical cooling system [9]
2.2. Solar electrical cooling system

Fig. 1(b) shows a conceptual solar electrical cooling system. It consists of four main parts - i.e., photovoltaic
module, inverter, electrical chiller and building user. The photovoltaic module is used to collect the solar energy and
then convert it into electrical energy. It is found that the electricity produced in the PV module is in the type of DC.
The inverter converts it into AC to drive the electrical chiller. The chiller supplies the cooling to the building user.

3. Model of the examined cooling system

The TRNSYS software is used to model and simulate the hourly cooling load of building based on the typical
meteorological (TMY) weather data of Hong Kong. The building energy model could also simulate energy
consumption and temperature variations of the system. In this study, the daily working hour of HVAC system is from
8:00am to 20:00pm and the cooling season is from March to November. From December to February, the free cooling
is used to supply the cooling to fulfill the thermal comfort.

3.1. Model of solar thermal cooling system

The solar thermal collection can be computed by Eq. (1) [10, 11]. Where, Wj. is the power of solar thermal
collector which could be calculated by Eq. (2), 4, and 7. is the total aperture area and efficiency of solar thermal
collector, / is the hourly irradiance (kWh/m2), CL .. is the cooling capacity of adsorption chiller, COP,q is the COP
of adsorption chiller. The needed aperture area of solar thermal collector can be calculated by Eq. (3).
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The aperture area of solar thermal collector can be obtained according to the cooling capacity of adsorption
chiller. The life-cycle of the solar thermal collector and adsorption chiller is assumed to be 20 years. The annualized
total cost of solar thermal system 7'Cy; contains the annualized capital costs of solar thermal collector, storage tank
and adsorption chiller and the annual operation cost when the solar thermal collector cannot supply enough heat to
adsorption chiller, as shown in Eq. (4). Where, CCy. is the annualized capital cost of solar thermal collector, CCy is
the annualized capital cost of storage tank, CC,. is the annualized capital cost of adsorption chiller, OC,, is the
operation cost of adsorption chiller. The operation cost of adsorption chiller can be calculated by Eq. (5). Where,
CL; is the hourly cooling load, Wj.; is the hourly power of solar thermal collector.
c,=cc, +cc,+CC,.+0C, (4)
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3.2. Model of solar electrical cooling system

The photovoltaic module power generation can be computed by Equation (6) [13, 14]. Where, 4, is the total area
of photovoltaic module (m?), A, is the photovoltaic module efficiency, #,. is the power conditioning efficiency, 7 is
the hourly irradiance (kWh/m?). The total area of photovoltaic module can be calculated by Equation (7). Where,
COP,j. is the COP of electrical chiller.

W, =4,xn,xn,xI (6)
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Usually, the COP strongly depends on the operating PLR. Once the other operating parameters such as
condensing and evaporating temperatures are maintained at a constant level, the COP is higher when the chillers
operate at a larger PLR, as shown in Equation (8). Where, Dy-D; are the coefficients that can be identified from
chiller catalog or field measurement data. The PLR is usually determined by the number and size of operating
chillers. It is simply defined as the ratio of the required cooling load (CL,.) to the available cooling capacity (CLava)
(i.e., that of operating chillers) as shown in Equation (9).
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Based on the annual cooling load distribution, the cooling capacity of electrical chiller can be determined and
then the total area of photovoltaic module can be obtained. In fact, the peak cooling load only accounts for a very
small proportion of the entire cooling season. Therefore, when the actual cooling load is less than the cooling
capacity of electrical chiller, the surplus power generated by the photovoltaic module will be supplied to the power
grid. The annualized total cost of solar electrical cooling system 7Cs. contains the annualized capital cost of
photovoltaic module CC,,, inverter CC;, and electrical chiller CC,;, the cost of surplus power generated CS), and the
annual operation cost of electrical chiller OC,. when the photovoltaic module cannot supply enough power to
electrical chiller, as shown in Equation (10).

TC,,=CC, +CC, +CC, +CS, +0C, (10)

The cost of surplus power sold to the power grid can be represented by Equation (11). Where, P,,,i is the hourly
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power generated by photovoltaic module, P; is the required hourly power consumed by electrical chiller, Cy, is the
electrical price saled to the grid. The operation cost of electrical chiller can be calculated by Equation (12). Where,
CL; is the hourly cooling load of building, COP; is the hourly COP of electrical chiller.
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3.3. Model of traditional electrical cooling system

For the traditional electrical cooling system, the total life-cycle cost contains the capital cost of electrical chiller
and operation cost, as shown in Equation (13). Where, TCy is the total cost of traditional electrical cooling system,
CC.,. is the capital cost of electrical chiller, OC.. is the operation cost of electrical chiller. The operation cost of
electrical chiller is related to the cooling load and COP (i.e. It has been mentioned in Section 3.2), as shown in
Equation (14). Where, CL; is the hourly cooling load, COP; is the hourly COP of electrical chiller.
7C,=CC, +0C, (13)
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4. Description of the building cooling load

Fig. 2(a) presents the annual temperature and irradiance in Hong Kong. It can be seen that the highest temperature
is 34.6°C in July and the lowest temperature is 6.1°C in February in Hong Kong. As mentioned above, free cooling is
used to meet the cooling demand from December to February. We only need to focus on the time from March to
November.
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Fig. 2. (a) Annual temperature and irradiance in Hong Kong; (b) Annual cooling load

Fig. 2(b) shows the annual cooling load of a building in Hong Kong. It can be seen that the cooling load varies
between 350 and 750kW. The cooling capacity of adsorption chiller and electrical chiller is assumed to be 830kW.

5. Case study

A case study of a building in Hong Kong is conducted to implement and assess the three cooling systems. The
building energy model (e.g. TRNSYYS) is used to calculate the annual cooling load and thus the required area of solar
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thermal collector and PV module can be determined, and the total costs of the three cooling systems can be obtained.

Finally, comparison among the three cooling systems is conducted to select the optimum cooling system which has
the least total life-cycle cost.

5.1. Required area of solar thermal collector and photovoltaic module

According to Eq. (3) and (7), the required areas of solar thermal collector and photovoltaic module are 4800m? and
5300m? respectively. The lifespan of the three cooling systems is assumed to be 15 years. Capital costs of adsorption
chiller and electrical chiller are 0.83 MHKD and 1 MHKD respectively, referring to the data from a manufacture. For
the solar thermal collector and PV module, the prices are 1600HKD/m? and 800HKD/m? respectively. The prices of
storage tank and inverter are 150,000HKD and 50,000HKD respectively. Considering the above prices, the annualized
capital costs of solar thermal cooling system, solar electrical cooling system and traditional cooling system are
722,000HKD, 440,000HKD and 84,000HKD respectively. Besides, the electricity price used in this study is 1
HKD/kW (note: 1 USD=7.75 HKD), and the electrical price sold to the grid is assumed to be 0.8HKD/kW.
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Fig. 3. (a) Solar electrical cooling system; (b) Solar thermal cooling system

Take July as an example to assess the three cooling systems. Fig. 3(a) shows the power generated by PV, the
operation cost of electrical chiller and the power sold to grid. It can be observed that the electrical chiller should
consume a lot of power from grid for several hours every day. And a great amount of power generated by PV could
be sold to the power grid. The power sold to grid and the operation cost are 31,687 HKD and 40,877 HKD respectively.
Considering the capital cost of solar electrical cooling system, the total cost of this cooling system in July is 39,190
HKD. Fig. 3(b) presents the operation cost of adsorption chiller and heat generated by solar thermal collector. It can
be observed that the operation cost of adsorption chiller is larger than that of electrical chiller. And a great amount of
heat is generated by the solar thermal collector and it cannot be fully used when the cooling supplied by the adsorption
chiller (i.e., the heat comes from solar thermal collector) cannot fulfill the cooling demand. The total cost of solar
thermal cooling system in July is 160,000HKD. For the traditional electrical cooling system, the total cost in July is
72,592HKD. It can be observed that the total cost of solar electrical system is the lowest when compared with the
other two cooling systems.
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Fig. 4. Operation costs of solar thermal cooling system and solar electrical cooling system
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Fig. 4 illustrates the annual operation costs of solar electrical cooling system and solar thermal cooling system
when their systems cannot supply enough cooling demand. It can be observed that the operation cost of solar electrical
cooling system is around 200HKD per hour. As for the operation cost of solar thermal cooling system, it varies within
a wide range. And apparently, it is much larger than that of solar electrical cooling system. Finally, the annual
operation costs of solar electrical cooling system and solar thermal cooling system are 389,523 HKD and 970,503
HKD respectively.

Table 1 gives the capital cost and operation cost of the three systems. It can be observed that the annual total cost
of solar thermal cooling system is the largest among the three systems. Both the operation cost and the capital cost of
solar thermal cooling system are the largest. For the traditional cooling system, the operation cost and the capital cost
are 804,892HKD and 84,000HKD respectively. The operation cost and capital cost of solar electrical cooling system
are 339,523HKD and 440,000HKD respectively. And it can be reduced by about 12.3% when compared with the
traditional cooling system. In Hong Kong, the solar electrical cooling system is available to supply the cooling for the
building and the solar thermal cooling system is not available to supply the cooling for the building.

Table 1 Total costs of the three cooling systems

Operation cost (HKD) Capital cost (HKD) Total cost (HKD)
Traditional cooling system 804,892 84,000 888,892
Solar thermal cooling system 925,791 722,000 1,647,791
Solar electrical cooling system 339,523 440,000 779,523

6. Conclusion

By employing the TRNSY'S building energy model, the life-cycle total cost of traditional cooling system, solar
thermal cooling system and solar electrical cooling system are evaluated. The results show that the solar electrical
cooling system is available and economical to be used to supply the cooling for the building. On the contrary, the solar
thermal cooling system is not suitable to be used for supplying the cooling. The total cost of solar electrical cooling
system could be reduced by 12.3% when compared with the traditional cooling system.

References

[1]1 EMSD 2012. Hong Kong energy end-use data.

[2] Papoutsis E G, Koronaki I P, Papaefthimiou V D. Numerical simulation and parametric study of different types of solar cooling systems under
Mediterranean climatic conditions. Energy and Buildings 2017, 138:601-611.

[3] Sarbu I, Sebarchievici C. Review of solar refrigeration and cooling systems. Energy and Buildings 2013, 67(6):286-297.

[4] Kim D S, Ferreira C A 1. Solar refrigeration options — a state-of-the-art review. International Journal of Refrigeration 2008, 31(1):3-15.

[5] Miyazaki T, Akisawa A. The influence of heat exchanger parameters on the optimum cycle time of adsorption chillers. Applied Thermal
Engineering 2009, 29(13):2708-2717.

[6] X.Q. Zhai, , R.Z. Wang, J.Y. Wu, Y.J. Dai, Q. Ma. Design and performance of a solar-powered air-conditioning system in a green building.
Applied Energy 2008, 85(5):297-311.

[7] Noro M, Lazzarin R M. Solar cooling between thermal and photovoltaic: An energy and economic comparative study in the Mediterranean
conditions. Energy 2014, 73(9):453-464.

[8] F. Esposito, A. Dolci, G. Ferrara, L. Ferrari, E.A. Carnevale, A Case Study Based Comparison between Solar Thermal and Solar Electric
Cooling, Energy Procedia, Volume 81, 2015, 1160-1170

[9] Eicker U, Pietruschka D, Schmitt A, Haag M. Comparison of photovoltaic and solar thermal cooling systems for office buildings in different
climates. Solar Energy 2015, 118:243-255.

[10] Chorowski M, Pyrka P. Modelling and experimental investigation of an adsorption chiller using low-temperature heat from cogeneration.
Energy 2015, 92:221-229.

[11] Fadar A E. Novel process for performance enhancement of a solar continuous adsorption cooling system. Energy 2016, 114:10-23.

[12] Saha B B, Boelman E C, Kashiwagi T. Computational analysis of an advanced adsorption-refrigeration cycle. Energy 1995, 20(10):983-994.

[13] Skoplaki E, Palyvos J A. On the temperature dependence of photovoltaic module electrical performance: A review of efficiency/power
correlations. Solar Energy 2009, 83(5):614-624.

[14] Kusakana K, Vermaak H J. Hybrid diesel generator/renewable energy system performance modeling. Renewable Energy 2014, 67(4):97-102.



