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Abstract

To assure maximum economic benefits and the energy performance of solar water heating
systems, the proper sizing of components and operating conditions need to be optimized. In
recent years, a number of studies to design optimally solar water heating systems have been
tried. This paper presents a design method for optimizing the various capacity-related and
installation-related design variables based on life cycle cost using a genetic algorithm. The
design variables considered in this study included the types and numbers of solar collector and
auxiliary heaters; the types of storage tanks and heat exchangers; the solar collector slope; mass
flow rates of the fluid on the hot and cold sides. The suggested method was applied for
optimizing a solar water heating system for an elementary school in Seoul, South Korea. In
addition, the effectiveness of the proposed optimization method was assessed by analyzing the
obtained optimal solutions of six case studies, each of which was simulated with different solar
fractions. It is observed that a trade-off between the equipment cost and the energy cost results
in an optimal design that yields the lowest life cycle cost. Therefore, it could be helpful to apply
the optimal solar water heating system by comparing the various design solutions obtained by
using the optimization method instead of the engineer's experience and intuition.
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¢ - Component
coll - Collector
hex : Heat exchanger
in : Input
4 - jth device type
LHV : Lower heating value
LNG : Liquefied natural gas
motor : Circulation pump's Motor
p - Parallel
peak : Peak load
pumyp - Circulation pump
s System
tank : Storage tank
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Fig. 3 (a) Hourly global horizontal solar irradiance, and (b) Hourly outdoor air and makeup water temperatures in Seoul,

South Korea.
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Table 1 Technical and economic specification of solar collectors for the optimization design

Device types
Parameters
1 2 3 4 5

Intercept of collector efficiency (-) 0.7445 0.7208 0.7200 0.7109 0.7043
Negative of slope of collector efficiency 48483 47999 4.0900 5.0050 4.5368
(Wm™- C)

Flow rate of fluid under standard conditions 0.0381 0.0373 0.0400 0.0368 0.0368
(kg/s)

Overall height (m) 2.00 2.00 2.00 2.02 2.00
Overall width (m) 1.00 1.00 1.00 1.00 0.99
Lifetime (year) 20 20 20 20 20
Purchase cost (1,000 KRW/ea.) 545 530 520 545 540

Table 2 Technical and economic specification of counter-flow-type heat exchangers for the optimization design

Device types
1 2 3 4 5 6 7 8 9 10

Parameters

Overall heat transfer coefficient-area product (s coe 930 | 163 1454 1745 2326 2908 3489 4071

(W/C)

Total heat transfer area (m°) 0.1768 0.2652 0.3094 0.3536 0.4420 0.5304 0.7072 0.8398 1.0608 1.2376
Area per plate (m’) 0.0442 0.0442 0.0442 0.0442 0.0442 0.0442 0.0442 0.0442 0.0442 0.0442
Total number of plates (ea.) 6 8 9 10 12 14 18 21 26 30
Lifetime (year) 5 5 5 5 5 5 5 5 5 5
Purchase cost (1,000 KRW/ea.) 490 520 530 540 570 590 640 670 730 780

Table 3 Technical and economic specification of storage tanks for the optimization design

Parameters Device types
1 2 3 4 5 6 7 8 9
Tank volume (m’) 0.96 .72 2,65 3776 491 554 621 6.92 9.58
Heat loss coefficient (W/C) 0.3 0.3 0.3 03 03 0.3 0.3 0.3 0.3
Overall height (m) 1.22 1.52 2 244 244 244 244 305 3.05
Overall diameter (m) 1 1.2 1.3 14 1.6 1.7 1.8 1.7 2
Lifetime (year) 15 15 15 15 15 15 15 15 15
Purchase cost (1,000,000 KRW/ea.) 7.15 949 1073 12.65 15.88 1733 18.02 1898 24.20

Table 4 Technical and economic specification of auxiliary heaters for the optimization design

Device types
Parameters
1 2 3 4 5 6
Rated heating capacity (kW) 15.12 18.61 23.26 29.08 34.89 58.15
Rated efficiency (%) 83 84 85 86 86 82
Lifetime (year) 15 15 15 15 15 15
Purchase cost (1,000 KRW/ea.) 807.4 844.8 909.7 964.7 1,039.5 2,291.3
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Table 5 Optimization parameters considered in case study

Parameters Values Parameters Values
Azimuth of collector array (°) 0  Head of pump on hot side of heat exchanger (m) 80
Meridian altitude in winter (°) 29  Head of pump on cold side of heat exchanger (m) 15
Desired hot water temperature (C) 60  Project lifetime (years) 40
Maximum allowable tank temperature (‘C) 100  Real discount rate (%) 291
Temperature of surrounding tank (‘C) 20  Electricity cost escalation rate (%) 4.00
Specific heat of collector fluid (J/kg- C) 3,843  Gas cost escalation rate (%) 4.00
Specific heat of water (J/kg* C) 4,153  Maximum capacity available to receive subsidy () 500
Density of collector fluid (kg/m’) 1,032 Area available to install solar collectors (1) 10,000
Density of water (kg/m’) 991  Supplementary cost ratio against purchase cost (%) 30
Pumping efficiency of circulation pump (%) 60  Maintenance cost ratio against initial cost (%) 1.5
Motor efficiency of circulation pump (%) 80  Subsidy cost ratio against initial cost (%) 50
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Table 6 Characteristics of the optimal solar water heating systems for the different solar fractions

Design solar fraction (%)

Parameters
40 50 60 70 80 90

Type of solar collector (-) 5 5 5 5 5 5
Number of the jth device of solar collectors (ea) 19 25 31 43 61 91
Type of heat exchanger (-) 2 5 6 8

Type of storage tank (-) 1 1 2 3 4

Type of auxiliary heater (-) 4 3 3 3

Number of the jth device of auxiliary heaters (ea) 1 1 1 1 1 1
Slope of the collector array (°) 38 35 34 33 38 42
Mass flow rate per unit area of the collector fluid (kg/sm’) 0.008 0013 0013 0.016 0.012 0.010
Mass flow rate on the load side of the heat exchanger (kg/s) 0.082 0247 0308 0.504 0.519 0.606
Hot water load (kWh/year) 28,309 28309 28309 28,309 28,309 28309
Solar radiation on the tilted collector array (kWh/year) 46,021 60,900 75,630 105,045 147,753 218,153
Solar energy supplied to a storage tank (kWh/year) 12311 15,546 17,942 21,488 24,651 27,984
Heat loss of a storage tank (kWh/year) 334 414 560 850 1,234 1,504
Discharged heat to avoid overheating of a tank (kWh/year) 4 33 22 38 48 74
Solar energy extracted from the tank to the load (kWh/year) 11,890 14,720 17,007 19,998 22,503 24,970
Auxiliary heating energy (kWh/year) 16,419 13,588 11,302 8,311 5,805 3,339
Annual average storage tank temperature (‘C) 41.5 46.8 50.2 55.5 61.0 67.8
Annual solar fraction (%) 42.0 52.0 60.1 70.6 79.5 88.2
Life cycle cost (million KRW) 1248 1186 1200 1219 1325 1623
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