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Abstract 

Solar assisted heat pumps are a method of improving the energy efficiency of a domestic hot 

water system while reducing the impact on the environment. Traditional vapour-compression heat 

pumps use harmful refrigerants that are susceptible to leaks and have moving parts that require 

maintenance. Thermoelectric devices have recently shown an increase in performance and a 

decrease in unit cost, allowing them to be a viable, maintenance-free alternative to traditional heat 

pump cycles. A thermoelectric model was developed using EES to determine the operating 

performances of an indirect solar assisted heat pump system (ISHAP), as well as a solar-side 

ISAHP. The model was verified using a twisted-tape liquid-liquid heat exchanger which 

incorporated 21 modules for a total heat pumping capacity of 1.62 kW. The thermoelectric heat 

exchanger was tested across a range of inlet conditions and applied currents and was shown to be 

accurate to within 7.9 % of the model. A custom TYPE was created in TRNSYS to allow for the 

optimization of the two systems over a simulated year using directly-coupled PV/T hybrid panels. 

Using the designed heat exchanger the optimized ISAHP produced a solar fraction of 70.2 % 

using 50 modules and 6 m2 of collector area. The solar-side ISAHP operated at a higher 

efficiency with a solar fraction of 73 % using just 21 modules and 6 m2 of collector area. A 

control scheme was recommended that showed an improvement of 10.3 % in solar fraction over 

the solar-side ISAHP, while operating at an average COP of 2.5. It was shown that in 

improvement in the heat transfer rate of the liquid-liquid heat exchanger could further improve 

the solar fraction of the standard ISAHP system by 12 %. Additional system optimization is 

required to aid in matching the electrical and thermal requirements of the thermoelectrics, through 

the decoupling of the electrical production of the panels to allow for more accurate control, or the 

addition of photovoltaic modules to supplement the electrical output of the PV/T panels. 
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Chapter 1 

Introduction 

1.1 Background 

Energy consumption continues to be a concern for Canadian residents and in countries 

around the world. With increasing petroleum product prices, as well as a rising global awareness 

of carbon emissions, focus is being placed on renewable and environmentally friendly energy 

sources. Domestic water heating is one of the largest consumers of energy within Canadian 

households, contributing 19 % of total domestic energy use in 2013 with the combustion of fossil 

fuels supplying the majority of this energy, as shown in Fig. 1 [1]. 

 

Fig. 1: Water heating energy consumption by fuel source [2]. 
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Two approaches to minimizing the primary energy use of these systems are the solar 

domestic hot water (SDHW) system, and alternative low temperature sources (e.g., geothermal or 

ambient air) with the integration of a heat pump.  

1.2 Solar Domestic Hot Water Systems 

SDHW systems use a solar collector to preheat water that is supplied to a conventional 

electric hot water tank. A variety of panel types are available for SDHW systems including solar 

thermal, photovoltaic, and photovoltaic/thermal hybrids, which will be discussed later in this 

chapter. In temperate climates, a glycol solution must be circulated through the collectors to 

protect them from freeze damage. These “indirect” configurations, shown in Fig. 2, have been 

extensively studied in the literature [3]–[5].  

 

Fig. 2: An indirect solar thermal domestic hot water system [6]. 

This configuration led to the introduction of natural convection heat exchange (NCHE) in 

which the storage tank is charged by density-driven flows through an incorporated heat exchanger 

[7]. This indirect system has been studied using high effectiveness brazed plate heat exchangers 
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and has led to the use of  tank stratification to further increase efficiency [8], [9]. Thermal 

stratification is the process of heating a tank using low flow rates, creating thermoclines of high 

temperature water near the top of the tank [10]. This allows for hot water to be drawn off without 

having to heat the entire tank. Additionally, thermal losses are minimized due to the reduced 

temperatures of the lower sections during a charging cycle. 

A heat pump may be integrated into the indirect configuration, creating the solar assisted 

heat pump (SAHP) system. It has been shown that coupling a heat pump with an SDHW system 

is able to increase annual performance by raising the delivery temperature to the hot water tank, 

while simultaneously lowering the collector operating temperature [11]–[13]. By lowering 

collector temperatures to near or sub-ambient temperatures, collector efficiencies are improved 

and thermal losses are minimized. Three SAHP configurations are discussed in Chapter 2. 

Efficiencies for these devices are usually reported by using the Coefficient of Performance (COP) 

of the system, shown in Eq. 1 [14], 

𝐶𝑂𝑃𝐻𝑒𝑎𝑡𝑖𝑛𝑔 =
|𝑄𝐻|

𝑊
=

|𝑄𝐶| + 𝑊

𝑊
 (1) 

where 𝑄𝐻 is the amount of heat rejected, 𝑄𝐶 is the amount of heat absorbed, and 𝑊 is the work 

added to drive the heat pump. The COP can be defined by either the heating load or the cooling 

load, depending on the configuration in which the heat pump will be used. As this study is 

concerned with providing domestic hot water, the usage of COP will refer to COPHeating. It 

should be noted that an upper limit exists on Eq. 1, imposed by the First Law of 

Thermodynamics, known as the Carnot Efficiency (Eq. 2) [14]. 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑇𝐻

𝑇𝐻 − 𝑇𝐶
 (2) 

where 𝑇𝐻 and 𝑇𝐶 represent the source and sink temperatures, respectively. 
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Heat pumps are most commonly operated using vapour-compression cycles, however a 

technology known as thermoelectrics has shown an increase in popularity due to its increasing 

performance and decreasing unit cost. 

1.3 Thermoelectric Heat Pumps 

Thermoelectric heat pumps are becoming an attractive replacement to vapour-

compression heat pumps because of their low maintenance and lack of a refrigerant, due to their 

solid-state nature. A thermoelectric module (TEM) is a device that uses the basic principles of a 

thermocouple to produce a heat pumping effect. The device consists of bi-metallic P-N junctions 

that, when exposed to a temperature gradient, produce a voltage potential across the terminals, as 

shown in Fig. 3. 

 

Fig. 3: Thermoelectric junction with open terminals. 

The junctions may be connected to a load, creating a thermoelectric generator (TEG), 

directly converting thermal energy to electrical energy, albeit at a low efficiency. This process 

however, may be reversed by connecting the junctions to an external power source. With the 

addition of a DC voltage potential across the junctions, a heat pumping effect can be produced, 

shown in Fig. 4.  
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Fig. 4: Thermoelectric junction with an applied DC power source. 

Many junctions are then connected electrically in series and thermally in parallel, and are 

placed between electrically insulating ceramic plates to produce a single thermoelectric module, 

shown in Fig. 5. 

 

Fig. 5: A typical thermoelectric module with ceramic plates and attached lead wires. 

A typical TEM is constructed of Bismuth Telluride (Bi2Te3) as it has the highest 

efficiency at near-ambient temperature applications. For higher temperature applications, a 

combination of bismuth, tellurium, selenium, and/or antimony is often used.                     

 Thermoelectric devices operate using DC electricity, which makes them well-suited for 

applications in solar assisted heat pump systems. They become even more attractive when paired 

with a solar collector that can produce heat as well as DC electricity, such as the 

photovoltaic/thermal hybrid collector. 
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1.4 PV/T Hybrid Collectors 

A PV/T collector combines the thermal absorption properties of a solar thermal collector 

with the electrical production of a photovoltaic panel in order to maximize the utilization of solar 

insolation [15], [16]. Total required collector area for a system can be reduced, as more of the 

total irradiation is being absorbed/converted to usable energy. Significant technological 

advancements have been made in the area of hybrid solar collectors that, along with rapidly 

decreasing unit costs, have drastically improved overall efficiency and availability on the 

commercial market [17]. Many PV/T panels transfer thermal energy to the working fluid using a 

bonded sheet-and-tube heat exchanger, shown in Fig. 6, with some panels adding back and edge 

insulation to minimize heat loss to the ambient air [18]. 

 

Fig. 6: A commercially available PV/T panel with back and edge insulation [18]. 

A design challenge for PV/T collectors is to optimize the temperature balance between 

the thermal collector and the photovoltaic cells. During operation, the rate of thermal absorption 

will quickly begin heating the working fluid under normal solar irradiance, however this has a 

negative effect on the PV output as the efficiency decreases as temperature increases at a rate of 

0.48 %/°C, with some manufacturer datasheets suggesting upwards of 0.62 %/°C [19]. To provide 

flexibility, PV/T modules are manufactured in two main configurations; with an additional layer 



 

 

 

7 

of glazing added to promote high temperatures, or with the second glazing omitted to lower 

operating temperatures but increase PV production, as shown in Fig. 7 [20]. 

 

Fig. 7: A single glazed PV/T panel (a) and a dual glazed PV/T panel (b) [20]. 

In order for the PV/T collector to achieve higher electrical conversion efficiencies than a 

PV collector, the working fluid must be circulated at a low temperature (i.e., 20–50 °𝐶) [21], [22]. 

As discussed, this temperature can be lowered further with the addition of a heat pump. Lowering 

the temperature of the photovoltaic cells minimizes thermal losses to the surroundings, further 

improving the efficiency of an SDHW system, and leads to longer panel lifespans, as it prevents 

the decay of the silicon junctions [23].  

1.5 Objective and Approach 

With increasing efforts to remove harmful refrigerants in heat pump applications, focus 

has been placed on alternatives to traditional vapour-compression devices. A study by Murray 

was able to further the work by Bridgeman, by replacing an R134a heat pump in a solar-assisted 
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domestic hot water system with a transcritical CO2 heat pump, mitigating the environmental 

impact [12], [24]. In a study completed in the Queen’s Solar Calorimetry lab by Preston, it was 

shown that thermoelectric heat pumps were a possibly viable replacement for VC heat pumps in 

SAHP systems [25]. The first objective of the current study is to further Preston’s “proof of 

concept” work by developing a comprehensive model of a thermoelectric heat pump in two 

indirect solar assisted heat pump configurations. The second objective is to determine the 

feasibility of powering a thermoelectric heat pump with a PV/T collector to improve the solar 

fraction of the system using variable and design optimization. The final objective is to model the 

annual performance of thermoelectric SAHP systems under various ambient conditions to 

determine seasonal effects on critical performance variables. 

The approach used to meet these objectives was divided into the following steps, further 

outlined in Fig 8. 

1. Model Development. To determine the operating performance of the 

thermoelectrics, a comprehensive model was developed which included the design of 

a liquid-liquid heat exchanger.   

2. Experimentation.  The developed model was validated using two test apparatuses; a 

one-dimensional heat transfer device used to verify the thermoelectric performance 

relations, and a scaled combined thermoelectric heat exchanger used to verify thermal 

performances of the model.  

3. Parametric Sensitivity Analysis.  Once the developed model was validated, various 

parameters of the SAHP systems were identified and altered to determine their effect 

on the overall system performance. Critical parameters such as forced flow rates, 

collector area, number of required thermoelectric modules, and control strategies 

were identified and optimized.  
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4. Annual Performance Simulations.  The annual performance of the two studied 

SAHP systems was investigated to determine seasonal effects on the thermoelectric 

heat exchanger. The simulations were compared to previous studies to determine the 

effect of applied design principles. The overall system configurations as well as the 

operating conditions imposed on the thermoelectrics were then optimized, and 

recommendations for further improvement were made.  

 

1.6 Scope 

This study focused on the development and optimization of a thermoelectric heat pump in 

two indirect solar assisted heat pump systems. A combined thermoelectric heat exchanger was 

manufactured and tested to validate the developed model. While pairing the device with a solar 

array and storage tank would be a valuable exercise, this test was considered to be outside the 

scope of this study. Based on the findings from the thermoelectrics, it was apparent that a high 

level of control would be required for further system optimization. While primary control 

schemes were implemented, the development of further control is left for future research.  

Annual performance simulations were conducted for the two SAHP systems using 

weather data for the city of Montreal. While different locations across Canada would provide 

varying performance results, the single location allowed for the comparison with previous work, 

and for the critical design variables to be identified. Activities within the scope of this study are 

outlined in Fig. 8.  
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Fig. 8: Flow chart outlining approach used for the current study 
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Chapter 2 

Literature Review 

2.1 Introduction 

Hot water production is a major contributor to a home’s total energy load. As such, there 

exists an opportunity for new technologies to reduce energy usage for domestic hot water and 

space heating. In this chapter, the current state of development of VC solar assisted heat pumps, 

PV/T technologies, and thermoelectrics are discussed. Although the field of solar assisted heat 

pumps has been widely considered, technologies relating to PV/T and thermoelectrics remain 

relatively new in both the academic and commercial sectors. In this literature review, focus is 

placed on domestic hot water production and the relative performances of systems employing the 

three technologies mentioned. 

2.2 Solar-Assisted Heat Pumps 

Heat pumps are a method of extracting useable energy from low temperature sources, 

such as ground wells, ambient air, and solar collectors. In temperate climates such as Canada, air-

sourced heat pumps have greatly varying COPs as the required input energy increases 

dramatically as ambient temperatures decrease in winter months. Although ground-sourced heat 

pumps can reduce this effect by providing a near constant source temperature, fluid temperatures 

of 2-5 °C still require large amounts of heat pump energy to heat water for DHW and space 

heating [26]. It was suggested that solar thermal collectors be used as the heat source to increase 

the delivery temperature to the heat pump [27]–[29]. Solar assisted heat pump systems reduce the 
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impact of seasonal ambient temperatures on the COP of the heat pump, and instead rely on the 

amount of daily solar irradiation.  

2.2.1 Heat Pump Configurations 

There are several ways that a heat pump can be integrated into a SDHW system. The first 

configuration is a direct-expansion solar assisted heat pump (DXSAHP). This type of system uses 

the solar collector as the evaporator in the heat pump process. This method allows the collector to 

operate at much lower temperatures, increasing the thermal efficiency. However, this system also 

requires the solar loop to be charged with refrigerant and can only be implemented with vapour-

compression cycles. A study by Kong et al. created a numerical model for a DXSAHP, shown in 

Fig. 9, and was able to achieve COPs exceeding 7 under operating conditions for the variable 

speed R22 heat pump [30]. This result was then corroborated with a full-scale apparatus. 

 

Fig. 9: A direct-expansion solar assisted vapour compression heat pump with an in-tank coil heat 

exchanger [30]. 

In many solar heat pump applications, the collector loop is filled with water or a glycol 

mixture, operating at a low pressure [31]. When water is used, the hot fluid can be pumped 

directly into the tank, creating an open loop SAHP. However, in temperate climates using glycol 
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mixtures, the loops can be separated by a heat pump so that the potable water does not come into 

contact with the glycol. This creates a system known as an indirect solar assisted heat pump 

(ISAHP), as outlined by Elliot [11]. The use of this type of system, shown in Fig. 10, eliminates 

the need for refrigeration lines to be run to the roof as in the DXSAHP, and allows for the 

naturally convective flow regime outlined in Chapter 1 to be used.  

 

Fig. 10: A vapour-compression indirect solar-assisted heat pump under thermosyphonic flow 

[11]. 

One drawback with the ISAHP configuration is that the system cannot be operated 

without powering the heat pump, as there is no direct channel for the heat to flow from the glycol 

loop to the water loop. In a study by Sterling and Collins, an ISAHP was designed with a second 

thermal storage tank that was directly fed by the solar collectors [32]. A heat pump and a heat 

exchanger were then piped in parallel to the main DHW tank. During periods of high solar 

irradiance, solar-heated fluid was fed directly into the DHW tank through the heat exchanger, 

bypassing the heat pump. Under a lower solar irradiance, the heat pump was used to boost the 
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lower thermal storage tank temperatures up to the temperatures required for domestic 

consumption. An ISAHP system can also be implemented without a second tank by locating the 

heat pump within the glycol loop as outlined by Sterling [32]. This type of solar-side ISAHP, 

shown in Fig. 11, can be operated with either a vapour-compression heat pump or a 

thermoelectric heat pump, which are discussed further in Section 2.4. 

 

Fig. 11: A solar-side ISAHP with a thermoelectric heat exchanger, adapted by Preston [25]. 

With this configuration, the heat pump can be turned off during hours of high solar 

irradiance and the heat exchanger can be directly fed by high temperature collector fluid. There 

will be some losses across the heat pump if a solid-state thermoelectric heat exchanger is used, 

however these losses are mitigated if using a vapour-compression heat pump. Continuing on the 

work by Sterling and Collins, a study by Banister and Collins was able to produce a dual-tank 

solar assisted heat pump that allowed for the operation of a heat pump, as well as the direct 

charging of both the DHW tank and a thermal storage tank [33]. Using this solar-side ISAHP 

design, both a TRNSYS simulation and an apparatus with a scale factor of 0.6 were modeled and 
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tested [34]. It was found that with a 10 m2 solar thermal collector array, the COP of the heat 

pump varied from 6.3 to 2.3 for delivery temperatures of 15 °C and 50 °C, respectively. 

Consequently, this configuration increased annual electricity savings to 75 % from the 63 % 

savings provided by a standard SDHW system with the same collector area.  

2.2.2 Performance Metrics 

In order to determine the effect of the variations on SAHP system performance, several 

annual performance metrics must be defined. The solar fraction (SF) of a solar thermal system is 

often a useful tool when determining the viability of a proposed methodology. The solar fraction 

is calculated by determining the amount of a thermal load, 𝑄𝑙𝑜𝑎𝑑, that is met with solar energy, 

𝑄𝑠𝑜𝑙𝑎𝑟, as given by Eq. 3. 

𝑆𝐹 =
𝑄𝑠𝑜𝑙𝑎𝑟 − 𝑄𝑙𝑜𝑠𝑠

𝑄𝑙𝑜𝑎𝑑
= 1 −

𝑄𝑎𝑢𝑥

𝑄𝑙𝑜𝑎𝑑
 (3) 

 If electricity production is involved with the use of PV or PV/T panels, the auxiliary load 

can be offset, shown in Eq. 4, 

𝑆𝐹 = 1 −
𝑄𝑎𝑢𝑥 − 𝑄𝑒𝑙𝑒𝑐

𝑄𝑙𝑜𝑎𝑑
 (4) 

where 𝑄𝑙𝑜𝑎𝑑 is the energy delivered to the household through the hot water draw cycle, shown in 

Eq. 5. 

𝑄𝑙𝑜𝑎𝑑 =  �̇�𝑑𝑟𝑎𝑤𝑐𝑝(𝑇𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 − 𝑇𝑚𝑎𝑖𝑛𝑠) (5) 

A solar fraction equal to 1 implies that the load is being fully met from solar energy for 

that time period. Solar fractions can exceed one if there is excess useful energy production. 
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Another useful performance metric is the Primary Energy Savings (PES) efficiency. The 

International Energy Agency Task 35 developed the PES efficiency to determine the effect of 

PV/T collectors on reducing the impact of large scale power generation stations, given by Eq. 6. 

𝑃𝐸𝑆 =
𝜂𝑒𝑙𝑒𝑐

𝜂𝑝𝑜𝑤𝑒𝑟
+ 𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 (6) 

 For the power station efficiency, it is recommended that a 39% conversion efficiency be 

used for countries that are part of the Organization for Economic Cooperation and Development 

(OECD) [35]. The efficiencies 𝜂𝑒𝑙𝑒𝑐 and 𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 used in Eq. 6 are the electrical efficiency and 

thermal efficiency of the collector, given by Eqs. 7 and 8,  

𝜂𝑒𝑙𝑒𝑐 =
𝑄𝑒𝑙𝑒𝑐

𝐺 ∙ 𝐴
 (7) 

𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝐺 ∙ 𝐴
 (8) 

where 𝐺 is the solar insolation, 𝐴 is the collector area, and 𝑄𝑒𝑙𝑒𝑐 and 𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 are the electrical 

and thermal energies produced by the panel, respectively. A low thermal efficiency can indicate 

that the temperature within the collector is too high, which may negatively affect the absorption 

properties of the panel. 

2.2.3 SAHP Performance 

The performance of an SAHP can vary greatly with the application, the total collector 

area, and the amount of solar irradiance.  To reduce the reliance on solar irradiance, unglazed 

panels can be used, allowing the heat pump to source heat from the ambient air. This type of 

configuration was studied by Sourbron and Ozalp, who were able to determine the required heat 

transfer characteristics for such a panel [36]. They determined that in order to achieve reasonable 
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heat transfer rates to the ambient air, a UA-value of at least 200 W/K was required, regardless of 

collector size or collector-to-ambient heat transfer rate. Using this result, it was also determined 

that 12.5 m2 of thermal collector area with a 250 L storage tank did not provide a high enough 

availability of thermal energy to meet the water and space heating load for a residence, however 

raising the array area and tank size to 25 m2 and 500 L was shown to have significantly better 

performance. Seasonal Performance (SPF) values of up to 3.8 were achieved in the summer 

months. The SPF value, which relates the total heat consumption of the residence with the heat 

pump electrical consumption, is shown in Eq. 9. 

𝑆𝑃𝐹 =
𝑄𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒

𝑄𝑡𝑜𝑡
=

𝑄𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒

𝑄𝑏𝑎𝑐𝑘−𝑢𝑝 + 𝑄𝐻𝑃
  (9) 

A study by Yumrutaș and Kașka, similar to that of Banister and Collins, attempted to use 

a large energy storage tank as a source for the heat pump in order to increase the performance of 

the heat pump on days of low solar irradiance [37]. A 650 L storage tank was used in conjunction 

with 7.4 m2 of single-glazed flat plate solar thermal collectors, and a 
1

2
 hp (373 W) heat pump 

running on refrigerant R22. The solar collectors were used to directly charge the storage tank, 

with the heat pump using the storage tank as its low temperature heat source. With the application 

of this system being for space heating, the energy storage tank saw relatively low average 

temperatures of 26.9 °C, 25.8 °C, and 23.8 °C for the months of February, March, and April, 

respectively. With solar irradiances averaging 10.8 MJ/m2, 11 MJ/m2, and 13.2 MJ/m2 for the 

same months, the average heat pump COP was found to be 2.3, 2.6, and 2.5. The authors noted 

that as the temperature of the storage tank rose, the COP of the heat pump was found to increase, 

as expected, up to a maximum value of 3.6 for their testing period. 

 In a space reducing effort by Mojic et al., a compact combination of a tank and heat 

pump was designed in order to maximize energetic efficiency [38]. The vacuum-insulated 750 L 
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tank contained a 4.9 kW variable speed vapour-compression heat pump and was connected to 27 

m2 of unglazed, selectively coated solar thermal panels. By incorporating an economizer and a 

de-superheater, the authors were able to achieve a COP of 2.8 with an inlet brine temperature of   

-15 °C and a delivery temperature of 34 °C, with COPs reaching as high as 5.9 with a rising brine 

inlet temperature of 15 °C.  

It has been shown that vapour-compression SAHPs can have excellent performance 

numbers with correct application and solar thermal array sizing. One technology that is aiming to 

reduce total array size, while maintaining attractive performance numbers with SDHW systems, 

is the photovoltaic hybrid collector.  

2.3 PV/T Systems 

Although theoretical and experimental studies of PV/T modules began as early as the 

1970’s, such as those by Wolf and Florschuetz, decreasing production costs have only recently 

allowed PV/T to be competitive in the commercial market [39]–[41]. In a recent review study of 

PV/T technologies conducted by Chow, the main bottlenecks for mass market adoption of PV/T 

were determined to be economic viability, public awareness, product standardization, and 

performance certification [15]. With the proliferation of renewable energies, the increased 

production of low cost photovoltaic panels, and by extension PV/T, has led to an increase in 

academic interest and market adoption of these technologies. 

2.3.1 Direct PV/T 

Direct PV/T involves the direct usage of the thermal and electrical energies produced by 

the panel without further system alteration (e.g., the addition of a heat pump). In many cases, the 

thermal energy is sent to a storage device, such as a hot water tank, in order to equalize the 

energy production with the load demand. A study in 2005 by Kalogirou and Tripanagnostopoulos 

simulated the use of PV/T panels under thermosyphonic operation for a small residence, and also 
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that of a forced flow configuration for a larger scale commercial space or multi-home dwelling 

[42]. For the small scale model, a 4 m2 collector array was used in conjunction with a 160 L 

storage tank. For various locations in Greece with high solar irradiance, annual useful thermal 

energy gains reached 6083 MJ with the electrical energy gain being 257.6 kWh using amorphous 

PV/T panels, for a total average solar fraction of 72.6 %. When replacing the amorphous panels 

with polycrystalline panels, the useful thermal gain drops to 5741MJ, however the electrical gain 

doubles to 532.1 kWh. The drop in thermal gain, however, caused the system solar fraction to 

decrease from 72.6 % to 68.6 %. The larger scale simulation with 40 m2 of collector area and 

1500 L of thermal storage volume showed similar trends when switching from amorphous to 

polycrystalline panels, with the amorphous panels achieving a solar fraction of 87.1 %. In a 

similar study by Dupeyrat et al., a TRNSYS simulation was created to compare the combination 

results of PV/PVT against PV/ST for a 25 m2 array [43]. It was determined that the increase in 

electrical output using PV/PVT was up to 12.7 % greater for the cities tested, with total annual 

electrical and thermal gains being 3414 kWh and 2467 kWh for the PV/ST system, and 3780 

kWh and 2479 kWh for the PV/PVT system.  

In a recent study by Good et al. from the Norwegian University of Science and 

Technology [44], three simulated buildings with integrated collector arrays were tested with a 

goal of achieving a net-Zero Energy Building (nZEB); arrays with high efficiency photovoltaic 

panels, a combination of solar thermal and photovoltaic panels, and PV/T panels. The size of the 

thermal storage tanks varied based on the type of panel being used, with the PV-only array having 

a 300 L tank due to the lack of thermal energy absorption, and the PV/T array having an 1800 L 

storage tank. In addition, two separate types of PV/T panels were tested; an uncovered and 

uninsulated monocrystalline panel, and a covered and insulated polycrystalline panel. All 

auxiliary heating was achieved through the use of an air-sourced heat pump, which was constant 
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throughout the various simulations. It was determined that the use of the high efficiency PV array 

was closest to achieving the goal of an nZEB, even though the solar thermal fraction was zero. 

The combination of PV and solar thermal collectors was the next closest to the goal, with the 

uncovered and covered PV/T arrays coming in third and fourth, respectively. A notable result 

from this study is the operating collector temperatures throughout the year, shown in Fig. 12. 

 

Fig. 12: Average monthly operating collector temperatures for the simulated solar thermal and 

PV/T panels [44]. 

It can be seen that the insulated PV/T collector array (PV/Tb) exceed temperatures of 

65 °C in the summer months, with the uninsulated PV/T collector array (PV/Ta) reaching just 

over 40 °C. It can be concluded that the uninsulated panel was experiencing large losses to the 

ambient air, minimizing its effectiveness. One method of circumventing this problem is to 

incorporate a heat pump to lower average collector temperatures. 

2.3.2 PV/T Heat Pump Systems 

By pairing a heat pump with a PV/T panel, the average panel temperature can be reduced, 

decreasing the thermal losses to the ambient air while increasing the PV cell efficiency. To 

determine the impact of the losses due to glass coverings and insulation, a study was undertaken 
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by Pei et al. at the University of Science and Technology of China [45]. The study compared the 

winter performance of a vapour-compression DXSAHP system in the winter months, using two 

types of PV/T panels; one with a glass covering over the PV panel acting as an insulating barrier, 

and the other without. The testing apparatus consisted of 5.49 m2 of monocrystalline PV/T panels, 

and a variable speed 1300 W vapour-compression heat pump running on refrigerant R22. It was 

shown that under solar irradiances of 747.2-776.1 W/m2 and ambient temperatures of 4.25-

9.08 °C, the PV/T panel with the glass panel covering showed the best overall performance. The 

glass covering was able to achieve COPs of up to 12, while the uncovered panel only reached 

values of 7.5 under the same operating conditions. This was due to the covered panel limiting 

losses to the ambient air, and consequently requiring less compressor power to achieve the 

desired delivery temperature. Although the covered panel showed a lower photovoltaic exergetic 

efficiency, due to the 10 % transmission losses in the glass cover, it was able to produce a much 

higher photothermic efficiency. It was recommended that the covered panel be used in the winter 

months, when heat gain is paramount, to supply the higher domestic heating load. In a numerical 

analysis of the same apparatus by Ji et al., it was shown that an increase in solar irradiance caused 

the total heat gain to rise, but indicated a simultaneous drop in thermal efficiency [46]. 

A study by Bakker et al. attempted to mitigate the reliance on seasonal solar irradiance by 

using a ground coupled heat pump [47]. By doing this, excess heat from the PV/T array was 

stored in the ground, and retrieved by the heat pump at a nearly constant temperature during the 

winter months, stabilizing COPs. Additionally, the electrical energy required from the heat pump 

was offset by the electricity produced by the PV/T array. Using 25 m2 of uncovered PV/T panels, 

the system was able to produce 100 % of the total heat demand (i.e., space heating and DHW) for 

a typical one-family Dutch home. 
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2.4 Thermoelectric Heat Pumps 

Thermoelectric devices have seen an increase in popularity due to an increase in material 

research across a broad range of applications. In their present state, commercially available 

bismuth telluride modules are not considered to be thermally efficient compared to vapour-

compression technologies, however their lack of moving parts and simple operation make them 

an attractive replacement in some applications. A study into the alternative cooling solutions to 

vapour-compression by Brown et al. for the US Department of Energy found that thermoelectric 

modules, for cooling applications, are currently too costly and have efficiencies that are too low 

to replace VC heat pumps except for small load applications (<25 W) where reliability and silent 

operation are paramount [48]. This study, however, did not take into account heating applications 

where the positive effect of Joule heating is able to raise efficiencies by a substantial margin. 

2.4.1 Modelling and Performance 

The operation of a thermoelectric module can be quantified by the combination of three 

effects; the Seebeck Effect, the Peltier Effect, and the Thomson Effect [49]. The voltage potential 

produced across the junction when under a thermal gradient is defined by the Seebeck Effect, and 

can be linearly mapped using Eq. 10, 

𝑉𝑠 = 𝑆(𝑇𝐻 − 𝑇𝐶) (10) 

where 𝑉𝑠 is the Seebeck voltage produced, S is the Seebeck coefficient, and 𝑇𝐻 and 𝑇𝐶 are the hot 

and cold junction temperatures, respectively. When the junction is powered by an external 

electrical source, the heat absorbed, 𝑄𝐶, can be related to the current by the Peltier Effect [49], 

shown in Eq. 11, 

𝑄𝐶 =
𝐼

𝜋
 (11) 
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where 𝐼 is the current applied to the junction and 𝜋 is the Peltier coefficient. The final relation is 

known as the Thomson Effect and is used to determine the rate of reversible heat generation 

along a conductor under a temperature gradient, shown in Eq. 12, 

𝑄 = 𝛽𝐼 ∙ (𝑇𝐻 − 𝑇𝐶) (12) 

where 𝛽 is the Thomson coefficient.  

2.4.2 Thermoelectric Operation 

Although the theoretical operation of a thermoelectric device relies on the relations 

discussed in the previous section, when operating a device under real world conditions 

irreversibilities are introduced that affect the performance of the module. The first of these is the 

internal Joule heating due to the junction electrical resistance. As an external current is applied to 

the module, heat will be generated that will add to the amount of heat rejected from the hot face, 

but will limit the amount of heat absorbed by the cold face. The second irreversibility is the 

Fourier conduction of heat back through the module. When powered, some of the heat that is 

pumped by the module will conduct back through the solid-state metallic junctions. Accounting 

for these irreversibilites, the amounts of heat rejected from the hot face and absorbed by the cold 

face can be calculated using Eqs. 13 and 14 respectively,  

𝑄𝐻 = 𝑆𝑇𝐻𝐼 +
1

2
𝐼2𝑅 − 𝐾(𝑇𝐻 − 𝑇𝐶) (13) 

𝑄𝐶 = 𝑆𝑇𝐶𝐼 −
1

2
𝐼2𝑅 − 𝐾(𝑇𝐻 − 𝑇𝐶) (14) 

where 𝑅 is the internal electrical resistance of the module, and 𝐾 is the internal thermal 

conductance [49]. Although the Joule heating has a positive impact on the heat rejection, it leads 

to a lower COP, since less heat will be absorbed per unit of electricity. An efficient module is one 

that is able to pump large amounts of heat, while minimizing both the module resistance as well 
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as the thermal conductance. A module such as this can be quantified by its Figure of Merit, 

shown in Eq. 15,  

𝑍 =
𝑆2𝜎

𝐾
 (15) 

where 𝜎 is the electrical conductance. The value for 𝑆2𝜎 is often called the “power factor”, where 

a high value indicates an efficient couple. Although bismuth telluride modules reach Z values of 

just over 1.1, a recent study by Chen et al. has shown that bismuth telluride and selenium telluride 

superlattices have reached Z values of up to 2.5 under similar operating temperatures [50]. 

Although these values are only achieved for low-dimensional (thin) elements, further research 

into bulk materials such as skutterudites and clathrates are quickly trying to match these values 

for full size junctions. 

One of the largest difficulties in thermoelectric system design is accurately modelling the 

complex operation of the modules themselves. In order to solve Eqs. 13 and 14, the 

thermoelectric module Seebeck coefficient, S, thermal conductance, K, and electrical resistance, 

R, are required. These values are often difficult to obtain, as thermoelectric vendors do not 

include them in their datasheets. A method was proposed by Tsai and Lin to estimate these 

coefficients using the values of maximum current, maximum voltage, and maximum temperature 

difference that are supplied by the manufacturer [51]. By rearranging Eqs. 13 and 14, and 

applying known conservation of energy laws, Tsai and Lin were able to produce Eqs. 16 through 

18, 

𝑆 =
𝑉𝑚𝑎𝑥

𝑇𝐻
 (16) 

𝑅 = 𝑉𝑚𝑎𝑥 ∙
1 −

Δ𝑇𝑚𝑎𝑥
𝑇𝐻

𝐼𝑚𝑎𝑥
 

(17) 
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𝐾 = 𝑉𝑚𝑎𝑥𝐼𝑚𝑎𝑥 ∙
𝑇𝐻 − Δ𝑇𝑚𝑎𝑥

2𝑇𝐻Δ𝑇𝑚𝑎𝑥
 (18) 

where 𝑉𝑚𝑎𝑥 is the maximum voltage, 𝐼𝑚𝑎𝑥 is the maximum current, and 𝑇𝑚𝑎𝑥 is the maximum 

plate temperature gradient for a thermoelectric module. 

In a study by Preston, these coefficients were determined experimentally using a one 

dimensional heat transfer analysis, discussed later in this section, and showed that the Tsai and 

Lin method overpredicted performance by 16 % and 20 % for the two modules that were tested 

[25]. Although this method overpredicted performance, it remains the most efficient way to 

compare the performance of the hundreds of modules that are available from a wide array of 

vendors, without requiring physical testing of each one. In a study by Jou, a comparison of the 

two methods, estimation of parameters from vendor datasheets and physical parameter extraction, 

showed that estimating the parameters simulated a higher pumping power, and it was 

recommended that the average of the total simulation data was taken for good precision [52]. A 

much more complex model was created by Chen et al. using a finite-element analysis to 

overcome the nonlinearly coupled thermal and electrical processes [53]. This method proved to 

be much more intensive than the Tsai and Lin method, as a full 3D model must be imported and 

solved at each operating condition, on a per module basis. 

In order to physically determine module parameters, a characterization method was 

developed by Mitrani et al. that employed a one dimensional heat transfer analysis [54]. In the 

proposed experiment, a thermoelectric module of unknown parameters was placed between an 

air-sourced heat sink and the end of a machined aluminum block of known dimensions. By 

varying the supply temperature to one end of the block and measuring the temperature gradient 

across it, the amount of heat passing through the module could be determined using a one-

dimensional conduction analysis through the aluminum, given the material thermal conductivity. 
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A series of tests were performed to determine the characteristic values of the module, which are 

outlined in Section 4.2. The study showed that these values were linearly dependent on the 

average module temperature. This conclusion was later corroborated by Preston using a similar 

apparatus.  

2.4.3 Thermoelectric Heat Exchangers 

The use of a thermoelectric module in place of a heat pump often requires the use of a 

heat exchanger to allow the transfer of heat into and out of the working fluids. A study by Kim et 

al. developed a direct-contact thermoelectric generator to eliminate the contact resistance imposed 

by the addition of a heat sink in an exhaust-gas recovery system [55]. By using an apparatus that 

allows the fluid to pass directly over the ceramic plates of the thermoelectric module, shown in 

Fig. 13, pressure drop was reduced by 23 % while maintaining or increasing operating 

performance.  

 

Fig. 13: A thermoelectric heat exchanger featuring direct contact heat exchange with the ceramic   

faces of the thermoelectric modules [55]. 

Due to the inherently low conversion efficiencies of thermoelectric generators, very little 

of the passing heat was actually converted to useable energy with this approach. In many 

thermoelectric applications with a working fluid, a heat exchanger is used, with a thermal transfer 

interface to maximize thermal absorption while minimizing the contact resistance of the system. 

In a study by David et al. the effect of the heat exchanger design and operating conditions of the 
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thermoelectric modules was considered [56].  It was determined that a parallel operating mode, 

shown in Fig. 14, was more beneficial than a cascade configuration, in which the heat would pass 

through two sets of modules with a thermal mass between them. 

 

Fig. 14: A parallel thermoelectric heat exchanger with a dual-flow heat source [56]. 

Through the use of a distributer and many “mini channels” for the fluid, the authors were 

able to achieve a heating COP of 2.45, at a thermal load of 55 W. It was also determined that the 

optimal mass flow rates on either side of the heat exchanger increased linearly with increasing 

thermal load. The study continued on to show that an optimization of the heat exchanger in 

question could be completed using Entropy Generation Minimization (EGM) [56]. Research 

conducted by Neya et al. took the idea of heat exchanger optimization through EGM further by 

modelling a 3000 W water-water system using simplified fluid channels [57]. By noting that the 

maximum thermoelectric COP is reached when entropy generation is minimized, Neya et al. were 

able to develop expressions for the optimal current for an operating condition, shown in Eq. 19, 

𝐼∗ =
K ∙ Δ𝑇

𝑆 ∙ 𝑀
(1 + 𝑀) (19) 

where 
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𝑀 = √1 + 𝑍 ∙ 𝑇𝑚 (20) 

and where Z is the thermoelectric Figure of Merit, as defined in Eq. 15. It should be noted that 

this method of control can only be applied when the fluid exposed to the cold face is colder than 

the fluid exposed to the hot face. If the fluid is hotter, the ideal current would be when the module 

is unpowered, as an infinite COP is produced due to the natural conduction of heat across the 

module. Using this design process, Neya et al. showed that entropy is minimized when the flow 

in the channels can be considered transitional (Re ~6000). At thermal loads of 3000 W it was 

recommended that the heat exchanger footprint be approximately four times higher than that of 

the thermoelectric contact area, however the impact of the footprint is not discussed for smaller 

loads. It was also shown that the thermoelectric leg length (i.e., length of the bimetallic junctions) 

did not have a significant effect on performance, indicating that thinner modules would benefit 

from the reduced material costs. 

2.4.4 Solar Thermoelectric Configurations 

Due to their currently low COPs, thermoelectric devices have not seen the level of 

research under solar power that vapour-compression SAHPs and PV/T technologies have. Several 

studies however, such as those by Kraemer et al., as well as Amatya et al. have attempted to 

directly power thermoelectric generators with incident solar thermal energy [58], [59]. Kraemer 

incorporated a standard flat plate solar collector to supply heat to the modules, and was able to 

achieve a peak efficiency of 4.6 % under a solar irradiance of 1000 W/m2. It should be noted that 

direct solar photovoltaic conversion efficiencies are 3-4 times this value. In the work by Amatya 

et al., a parabolic solar collector was used in tandem with an air-sourced heat sink, and was able 

to produce a system efficiency of 3 % at a low output power of 1.8 W. It is suggested however, 

that using more specialized thermoelectric materials would raise this efficiency to 5.6 %. 
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 A study by Rockendorf et al. compared the efficiency of a thermoelectric collector, with 

that of a PV/T hybrid panel [60]. The thermoelectric collector was designed with thermoelectric 

modules being placed between the heat rejection site of a solar thermal collector and the 

collector-loop fluid channels, with the intent of generating electricity and thermal energy without 

the need for a PV panel, such as that used in the PV/T collector. With 5 m2 of evacuated tube 

collectors, the thermoelectric panel was predicted to produce an annual thermal gain of 1650 kWh 

with an electrical gain of 50 kWh.  It was noted in the study that the same thermal output alone 

could be produced by a standard evacuated tube array with a collector area of just 3.1 m2, without 

the thermal resistance imposed by the TEMs. In contrast, the PV/T hybrid collector at the same 5 

m2 collector area produced an annual electrical gain of 450 kWh, nine times that of the 

thermoelectric collector. Based on the literature it is apparent that electricity production using 

solar irradiated thermoelectric generators is not currently able to achieve the efficiency of a 

photovoltaic panel. As such, most of thermoelectric generation applications are restricted to high-

temperature exhaust gas energy recovery. Research focus was then placed on using the electrical 

production of a PV/T panel to power a thermally-fed thermoelectric heat pump, in order to 

improve total solar fractions. 

A combination heating and cooling PV/T-driven thermoelectric device was investigated 

by He and Zhou for a domestic home [61]. In the summer months, the system used the electrical 

power generated by the collectors to power the modules for space cooling, with the thermal load 

from the collectors and hot side of the modules being directed to a domestic hot water tank via 

heat pipes. In the winter months, the voltage applied to the modules was reversed, and the heat 

from both the collector and the modules was used for space heating purposes. A 0.125 m3 test cell 

was created to test the viability of this system. The model was able to produce an electrical 

efficiency of 10.27 % and a thermal efficiency of 12.06 %, while operating at a cooling COP of 
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0.45 under the summer operation mode. Testing was not completed for the winter operation 

mode. It was noted that without the use of a controller, the power output profile of the module 

matched the solar irradiance.  

One method of producing higher efficiencies would be to include the use of a Maximum 

Power Point Tracker (MPPT). This device alters the apparent resistance of the load in order to 

maximize the output power from a photovoltaic or PV/T panel. In an experiment conducted by 

Preston, a thermoelectric heat exchanger was powered directly by photovoltaic panels, and it was 

noted that without MPP control, a system COP of 2.7 could be achieved. However, it was also 

suggested that even with careful MPP matching, losses due to electrical mismatching in the 

production of the panel and the resistance of the thermoelectrics can exceed 30 % at peak solar 

irradiance [25]. MPPT for thermoelectric generators was studied by Phillip et al. for high 

temperature energy recovery [62]. The study compared the effects of using a fixed duty-cycle 

system to that of a controllable DC-DC buck boost system operating on two different MPP 

algorithms; perturb and observe (P&O), and extremum seeking control (ESC). It was determined 

that using an MPP controller increased operating efficiency by up to 13.86 % over the fixed duty-

cycle. Although the P&O and ESC methods provided similar efficiencies, it was shown that the 

ESC controller converged to the ideal power much faster than the P&O controller. The authors 

concluded that this type of controller along with the combination of a thermoelectric heat 

exchanger with an appropriate SAHP configuration, total system efficiency could be greatly 

increased.    
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Chapter 3 

Modelling of a TEM Heat Pump 

3.1 Introduction 

In order to accurately determine the efficacy of a thermoelectric heat pump in a DHW 

system, a numerical model was developed. The model was based on the linear coupling of the 

average module temperature to the characteristic module coefficients, as determined by Mitrani et 

al., and discussed in Chapter 2 [54]. The model was designed as an iterative, multi-node heat 

exchanger that could export characteristic data on a per-module basis, similar to that designed by 

Preston, shown in Fig. 15 [25].  

 

Fig. 15: Schematic of thermoelectric heat exchanger nodes [25]. 
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Each module in the heat exchanger was taken to be at uniform conditions (i.e., isothermal 

plate temperatures). The model was then integrated with an annual simulation utility so that a 

sensitivity analysis could be performed and critical performance data could be obtained. It was 

then used to optimize a thermoelectric heat pump DHW system. 

3.1.1 Engineering Equation Solver 

The main TEM heat exchanger was modeled using F-Chart’s Engineering Equation 

Solver (EES) [63]. This software uses a non-linear coding window which allows the user much 

more freedom when specifying information, as the program does not have to read the equations 

using the standard top-down approach. Iterative callable functions, called Procedures, were also 

implemented inside of nested loops to aid in the iterative approach taken. The strongest aspect of 

EES however, was the ability to use parametric tables to run multiple simulations in order to 

determine the effect of critical variables such as heat exchanger flow rate, and applied current. 

The program contains a large library of fluid properties, allowing for the model to call accurate 

thermophysical variables with each new iteration. EES can also be linked with TRNSYS through 

the Type 66 component which allows the model to be used in system performance simulations. 

3.1.2 Transient System Simulation Tool (TRNSYS) 

Annual simulations of the entire DHW system were conducted with TRNSYS17, which 

is a simulation tool used for modelling complex energy systems. TRNSYS consists of a large 

library of models that simulate the operation of pre-defined components such as storage tanks, 

collectors, and pumps [64]. The parameters of the models can then be altered by the user to 

simulate specific real-world components. The components are connected by their inputs and 

outputs through a graphical user interface (GUI). TRNSYS also allows for the creation of custom 

components, called “Types”. These Types are created in Fortran 90 by the user and are linked to 

the dynamic link library of the TRNSYS numerical solver. Once a system is assembled and 
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appropriately connected, a deck file is created and passed to TRNSYS’s numerical solver which 

simultaneously solves the component relationships for a specified time step. The solver continues 

for the total required time steps as programmed by the user to produce accurate transient 

responses of various heat and mass transfer systems. Additionally, the software allows for 

parametric analyses to be conducted on the various components in the system to determine their 

effect over a simulated year, with select data being recorded and plotted as necessary. 

3.2 Thermoelectric Component Model 

Although TRNSYS has a large library of models, one does not exist for the relatively 

new field of thermoelectrics. Several models exist for thermoelectrics, such as those discussed in 

Chapter 2, however a thermoelectric integrated heat exchanger that outputs the necessary 

characteristic data for this study could not be found. Consequently, a thermoelectric heat 

exchanger component was developed in EES, transcoded into FORTRAN 90, and linked to 

TRNSYS.  

3.2.1 Thermoelectric Module 

The first requirement of the thermoelectric heat exchanger was to calculate the 

thermoelectric module performance, defined by Eqs. 13 and 14. In order to solve these equations, 

characteristic data was required for the specific TEM being used. This includes the Seebeck 

coefficient, S, the thermal conductivity of the module, 𝐾, and the electrical resistance of the 

module, 𝑅. These values have been shown to be linearly related to the average module 

temperature by manufacturer data, as well as by Mitrani et al [54]. For each module in the model, 

the current plate temperatures are analyzed, the mean module temperature is evaluated, and the 

characteristic variables are determined. The amount of heat that is rejected from the hot face and 

absorbed from the cold face is evaluated based on the characteristic variables and the applied 

current. The voltage is calculated for each module as the sum of the voltage drop across each 
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module due to the internal resistance of the module, as well as the internal voltage generation due 

to the Seebeck effect, shown in Eq. 21. 

𝑉𝑇𝐸𝑀 = 𝑆(𝑇𝐻 − 𝑇𝐶) + 𝐼𝑅𝑇𝐸𝑀 (21) 

From this, the power required by the module can be determined, and thus the COP of the 

module can be evaluated using Eq. 1. The amount heat that is transferred to the fluid affects the 

plate temperatures of the modules, which are then updated and passed into the next iteration.  

3.2.2 Heat Exchanger Model 

The amount of heat that can be transferred between fluids is highly dependent on the heat 

exchanger interface. As mentioned, the small surface area of the modules limits the amount of 

heat transfer, driving up the plate temperature gradient which greatly reduces efficiency. This 

required the integration of a heat exchanger into the model. Several variations of heat exchanger 

were designed using information from the literature. A comparison of these variations can be seen 

in Chapter 5. The heat that is pumped by each module is passed to the heat exchanger Procedure, 

where it is used to calculate the rise in fluid temperature in that node, using Eq. 22, 

Δ𝑇 =
𝑄

�̇�𝑐𝑝
 (22) 

where �̇� is the mass flow rate of the fluid, and 𝑐𝑝 is the specific heat capacity. All of the steps 

mentioned in the following equations are calculated for both the hot and the cold sides of the heat 

exchanger simultaneously. The outlet temperature of the node is calculated using the change in 

fluid temperature, and the average temperature of the node is calculated. The plate temperature 

can then be calculated using Eq. 23, by determining the thermal resistances implemented by the 

thermal interface material between the heat exchanger and the TEM ceramic plate, the conduction 

through the bulk of the heat exchanger, as well as the convective resistance in the heat exchanger. 
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𝑇𝑝𝑙𝑎𝑡𝑒 = 𝑄(𝑅𝑡,𝑐 ∙ 𝑅𝑐𝑜𝑛𝑑 ∙ 𝑅𝑐𝑜𝑛𝑣) + 𝑇𝑎𝑣𝑒 (23) 

The average fluid temperature of the node is used in the calculation of the plate 

temperature as it was assumed that the TEM performance was not drastically affected by small 

temperature gradients across its surfaces. The thermal resistances are given by Eqs. 24-26, 

𝑅𝑡,𝑐 =
𝑅𝑡,𝑐

”

𝐴𝑇𝐸𝑀
 (24) 

𝑅𝑐𝑜𝑛𝑑 =
𝑡𝑎𝑙

𝑘𝑎𝑙𝐴𝑇𝐸𝑀
 (25) 

𝑅𝑐𝑜𝑛𝑣 =
1

ℎ𝐴𝐻𝑋
 (26) 

where 𝐴𝑇𝐸𝑀 is the area of a single module, 𝑡𝑎𝑙 is the bulk thickness of the aluminum heat 

exchanger, 𝑘𝑎𝑙 is the thermal conductivity of aluminum, ℎ is the convection coefficient inside the 

heat exchanger, and 𝐴𝐻𝑋 is the internal heat exchanger area exposed to the passing fluid. The 

convection coefficient is calculated as a function of the Reynolds number and Prandtl number, 

shown in Eqs. 27 and 28, respectively,  

𝑅𝑒𝐿 =
𝜌𝑈∞𝐿

𝜇
 (27) 

𝑃𝑟 =
𝑐𝑝𝜇

𝑘
 (28) 

where 𝜌 is the density, 𝑈∞ is the average speed, and 𝜇 is the kinematic viscosity of the fluid. The 

heat exchanger component was designed to be compartmentalized, so that new heat exchanger 

types could be compared with little adjustment to the main model. The TEM component and heat 

exchanger component were combined to create the total iterative model in EES, which is 
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described by Fig. 16. The multi-node approach to the model allows the user to see the effect that 

each TEM has on the system, and how the COP changes due to the position of the TEM in the 

heat exchanger. 



 

 

 

37 

 

Fig. 16: Flow chart for the iterative heat exchanger model. Green indicates the TEM component 

and orange indicates the heat exchanger component. 
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3.3 Heat Exchanger Designs 

It was expected that the rate of heat transfer from the collector fluid to the DHW loop 

would have a large effect on the performance of the system. By increasing the heat transfer rate, 

the TEM plate temperatures remain closer together, increasing the heat pumping capacity of the 

modules. To achieve this effect, several heat exchanger types were studied for implementation in 

the apparatus. The requirement of a flat surface to mount the modules on was the main limitation 

imposed on any possible designs. This requirement hindered the incorporation of conventional 

high surface area brazed-plate heat exchangers, popular in natural convection applications, as 

they use corrugated herringbone plates to improve heat transfer. As a replacement, three designs 

were analyzed; an enclosed straight-fin heat exchanger, an enclosed staggered pin-type heat 

exchanger, and an embedded-pipe heat exchanger with twisted-tape inserts, as shown in Fig. 17. 

 

Fig. 17: The straight fin (a), staggered pin (b) and twisted-tape (c) heat exchanger types that were 

modeled. 

3.3.1 Straight Fin Heat Exchanger 

The straight fin heat exchanger was modeled in EES using the relationships prescribed by 

Incropera et al. for an adiabatic tip condition, with the assumption that the heat exchanger is 

insulated on all exterior surfaces [14]. The iterative solution discussed in Section 3.2.2 equates 

the heat pumped by the thermoelectric modules to the fin heat transfer rate, 𝑞𝑓, as given by  

Eq. 29, 

(c)  



 

 

 

39 

𝑞𝑓 = 𝑀𝑡𝑎𝑛ℎ(𝑚𝐿) (29) 

where 𝑞𝑓 is the average rate of heat transfer from the fins, where, 

𝑀 = √ℎ𝑃𝑘𝐴𝑐 ∙ 𝜃𝑏 (30) 

𝑚 = √
ℎ𝑃

𝑘𝐴𝑐
 (31) 

and where 𝑃 is the perimeter of the fins, 𝐴𝑐 is the cross sectional area of the fins, and 𝜃𝑏is the 

temperature differential between the base of the fin (i.e. the TEM plate temperature) and the fluid. 

The velocity of the fluid in the channels was calculated at various expected operating conditions, 

which showed the flow through the fins to be laminar. With such a long heat exchanger, this 

laminar flow was expected to be fully developed, allowing the Nusselt number to be represented 

by a constant value, as shown in Eq. 32,  

𝑁𝑢𝐷 = 4.36 =
ℎ𝐷𝐻

𝑘
 (32) 

where 𝐷ℎ is the hydraulic diameter of a square duct, given by Eq. 33 [14]. 

𝐷ℎ =
4𝐴𝑑𝑢𝑐𝑡

𝑃𝑑𝑢𝑐𝑡
 (33) 

The fin efficiency was then calculated using Eqs. 31 and 34. 

𝜂𝑓 =
𝑡𝑎𝑛ℎ𝑚𝐿

𝑚𝐿
 (34) 
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where L is the total length of the fins. To get the total heat transfer rate from heat exchanger, the 

heat transfer rate from the base of the heat exchanger was added to that of the fins, shown in  

Eq. 35, 

𝑞𝑡𝑜𝑡𝑎𝑙 = ℎ𝐴𝑏𝜃𝑏 + ℎ𝑁𝜂𝑓𝐴𝑓𝑖𝑛𝜃𝑏 (35) 

where  𝐴𝑏 is the base area, given by Eq. 36. 

𝐴𝑏 = (𝑊𝐻𝑋 − 𝑁𝑊𝑓𝑖𝑛)𝐿𝐻𝑋 (36) 

For the specific heat exchanger studied 10 fins were used that ran the length of the heat 

exchanger, with a height of 30 mm and a width of 2 mm. 

3.3.2 Staggered Pin Heat Exchanger 

Another method of increasing the heat transfer rate is to increase the fin area, while 

simultaneously increasing the turbulence of the heat exchanger. A staggered-pin type heat 

exchanger uses offset rows of pins in order to increase the flow turbulence. Calculating the heat 

transfer rate from the pins is identical to that of the straight-fin method, except for the calculation 

of the Nusselt and Reynold’s numbers. Due to the flow alterations introduced by the flow around 

the pins, a correlation outlined by Zukauskas is required, shown in Eq. 37, 

𝑁𝑢̅̅ ̅̅
𝐷 = 𝐶1𝑅𝑒𝐷,max

𝑚 𝑃𝑟0.36 (
𝑃𝑟

𝑃𝑟s 
)

0.25

  (37) 

where 𝑃𝑟𝑠 is the Prandtl number of the fluid at the surface of the heat exchanger, and the 

constants 𝐶1 and 𝑚 are determined by relationships outlined by Zukauskas based on the 

maximum Reynolds number, 𝑅𝑒𝐷,𝑚𝑎𝑥
𝑚  [65]. In order to determine the maximum Reynold’s 

number, the maximum velocity at any point in the flow must be calculated. This maximum point 
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depends on the distance between pins span-wise, 𝑆𝑇, and the distance flow-wise, 𝑆𝐿, as shown in 

Fig. 18. 

 

Fig. 18: Distances between pins for the staggered-pin type heat exchanger [65]. 

For the staggered pin arrangement, the maximum velocity can either occur in the space 

measured by 𝑆𝑇, or in that measured by 𝑆𝐷. The maximum velocity, 𝑉𝑚𝑎𝑥, will occur along the 𝑆𝐷 

plane if the equality in Eq. 38 is true [65]. 

𝑆𝐷 = [𝑆𝐿
2 + (

𝑆𝑇

2
)

2

]

0.5

<
𝑆𝑇 + 𝐷

2
 (38) 

In which case the velocity is given by Eq. 39. 

𝑉𝑚𝑎𝑥 =
𝑆𝑇

2(𝑆𝐷 − 𝐷)
𝑉 (39) 

If the equality in Eq. 38 is untrue, the maximum velocity occurs along the transverse plane, 𝑆𝑇, 

and is therefore calculated using Eq. 40. 

𝑉𝑚𝑎𝑥 =
𝑆𝑇

𝑆𝑇 − 𝐷
𝑉 (40) 
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The Reynold’s number is calculated using the maximum velocity and Eq. 28. The 

average convection coefficient is then determined using Eq. 37 and Eq. 41, which is similar to Eq. 

33 but does not use the hydraulic diameter, 

ℎ̅ = 𝑁𝑢̅̅ ̅̅
𝐷 ∙

𝑘

𝐷𝑝𝑖𝑛
 (41) 

where k is the conductivity of the fluid, 𝐷𝑝𝑖𝑛 is the diameter of the staggered pins, and 𝑁𝑢̅̅ ̅̅
𝐷 is the 

average Nusselt number. The total heat transfer rate is then calculated in the same manner as the 

straight fin type heat exchanger. For the specific heat exchanger studied, the pin separation in 

both the length-wise and span-wise directions were set to 8mm, with pins being 6mm in diameter 

and 30mm in length. 

3.3.3 Twisted-Tape Heat Exchanger 

The final method of increasing the heat transfer rate that was studied was the use of 

twisted-tape inserts inside of embedded round pipes. The addition of the tape increases the 

turbulence of the internal flow, consequently increasing the heat transfer rate through the pipe 

walls. In order to account for a wide range of flow rates, a relationship was required that could 

determine the convective heat transfer coefficient for a large range of Reynold’s and Prandtl 

numbers. In a study by Sarma et al. a relationship was developed to incorporate laminar and 

turbulent results that could accurately predict the Nusselt numbers generated through the mixed 

flow regime, defined by Eq. 42, 

𝑙𝑜𝑔10 [
𝑁𝑢̅̅ ̅̅

𝑃𝑟
1
3 (1 +

1
𝛿

)
2] = 0.974 − 0.783𝑙𝑜𝑔10[𝑅𝑒] + 0.35{𝑙𝑜𝑔10[𝑅𝑒]}2 − 0.0273{𝑙𝑜𝑔10[𝑅𝑒]}3 (42) 

where 𝛿 is the length of a 180° twist divided by the diameter of the pipe, also known as the “twist 

ratio” [66]. This relationship assumes a “thin” twisted-tape, however in a study by Aldali et al. it 



 

 

 

43 

was shown that reducing the thickness of the twisted-tape insert from 3 mm to 1 mm showed little 

performance improvement on the heat transfer rate of the system [67]. Increasing the twist ratio 

has the effect of increasing the turbulence and convective heat transfer of the flow, but it also 

increases the pressure loss per length of tube. This pressure loss indicated that high twist ratios 

would not be conducive for the natural convection flow regime outline in Chapter 1. In a study by 

Saravanan et al. it was determined that a twist ratio of 3 created the maximum heat transfer rate 

under natural convection conditions, with lower twist ratios succumbing to low convective 

coefficients, and higher twist ratios having low flow rates due to high pressure losses [68].  

Once the Nusselt number is calculated using Eq. 42, the convective heat transfer 

coefficient can be determined using Eq. 41, and finally the heat transfer rate to the passing fluid 

can be determined for each node using Eq. 43, 

𝑄 = ℎ̅𝐴𝑝(𝑇𝑝 − 𝑇∞) (43) 

where 𝐴𝑝 is the area of the pipe, 𝑇𝑝 is the temperature of the pipe wall, and 𝑇∞ is the temperature 

of the passing fluid. This heat transfer rate is then passed to the TEM component model outlined 

in Section 3.2.1 

3.4 TRNSYS Model 

To determine the performance of the developed model across the multitude of operating 

conditions seen in a year, the EES model was imported into TRNSYS and connected to an entire 

DHW system, shown in Appendix B. This system consisted of a storage tank with an expected 

draw profile, a PV/T array, the thermoelectric heat exchanger, as well as all necessary pipes, 

pumps, and controllers. The following section discusses the TRNSYS Types that were modified 

and connected to simulate various components in the SAHP configurations. 
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3.4.1 TRNSYS Types 

The PV/T array that was used for the systems, Type 50d, allowed for the specification of 

thermal losses, optical losses, and conversion efficiencies. The array was set to have a single glass 

cover which is expected for an insulated PV/T panel. The model calculates the rate of useful 

thermal energy gain after considering the ambient temperature and amount of total solar 

insolation, and then calculates the conversion of electrical energy from the PV cells. This model 

accounts for the degradation of PV efficiency with increasing cell temperature, as discussed in 

Section 1.3. The bottom and edge loss coefficient are determined using Eq.’s 44 and 45,  

𝑈𝑏 =
𝑘

𝐿
 (44) 

𝑈𝑒 =
(𝑈𝐴)𝑒

𝐴𝑐
=

(
𝑘
𝐿

) ∙ 𝑃 ∙ 𝑡

𝐴𝑐
 (45) 

where k is the thermal conductivity of the insulation, L is the thickness of the insulation, P is the 

perimeter of the collector, t is the collector thickness, and 𝐴𝑐 is the total collector area [69]. With 

the use of an effective insulation (<0.045 W/mK) and a thickness of 50 mm, an overall loss 

coefficient of 0.9 W/m2K is achieved. The operating parameters of Type 50d are shown in Table 1. 

Table 1: PV/T collector array Type 50d parameters. 

Parameter Value Parameter Value 

Collector area 6 m2 Loss coefficient (bottom and edge) 0.9 W/m2K 

Collector efficiency factor 0.9 Collector slope 45° 

Fluid thermal capacitance 3.56 kJ/kgK Extinction coefficient thickness product 0.03 

Collector plate absorptance 0.9 Temperature coefficient of PV efficiency -0.0003%/°C 

Number of glass covers 1 Temperature for cell reference efficiency 25°C 

Collector plate emittance 0.8 Packing factor 0.9 

The PV/T collector area was connected to Type 15 which is a weather file that draws 

from Meteonorm’s Typical Meteorological Year (TMY) weather data. The file outputs expected 
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ambient temperatures, wind speeds, solar insolation levels, and mains water temperatures. The 

TRNSYS library contains TMY weather files for a variety of Canadian cities. 

The storage tank that was integrated into the DHW simulation was Type 534, a 

cylindrical stratified storage tank. This tank has the ability to directly input the energy 

consumption of the auxiliary heater to a specific node in the tank. A two inlet, two outlet tank was 

used to allow water to be drawn into the bottom and off of the top of the tank, while allowing 

flow to the thermoelectric heat exchanger to simultaneously follow the opposite path. The 

potential energy balance for this Type is shown in Fig. 19. 

 

Fig. 19: Energy balance for a single node of the Type 534 stratified thermal storage tank [70]. 

The auxiliary heater in this Type has been positioned a quarter of the tank height from the 

top of the tank, to allow for enough water to be heated to sustain a steady draw at the required 

load temperature. A parametric analysis was conducted to determine the required size of the tank 
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to ensure hot water for the domestic load. The variables used in the simulation for Type 534 can 

be found in Table 2. 

Table 2: Cylindrical stratified storage tank Type 534 parameters. 

Name Value 

Number of Tank nodes 20 

Number of ports 2 

Tank Volume  270 L 

Tank height 1.5 m 

Top/edge loss coefficient 5.0 kJ/hr m2K 

Position of auxiliary heater Node 5 

To simulate the expected cycling of the tank, it was connected to a draw profile for the 

domestic hot water load of a residential Canadian home, as outlined by CSA F379.1-88 [71]. The 

normalized draw schedule for the 225 L daily load (Schedule B) and is shown in Fig. 20. 

 

Fig. 20: Normalized water draw profile for the CSA Schedule B 225L daily load. 
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Initial TRNSYS simulations showed the hot water delivery temperature exceeding 80 °C 

during high irradiance summer days. Consequently, a mixing valve (Type 178) was integrated 

into the system to balance the storage tank fluid temperature with the mains water temperature to 

achieve a constant delivery temperature of 55 °C. As mentioned, the mains water temperature was 

supplied by Type 15 for the city under investigation. The drawing of hot water was assumed to 

occur due to the pressure differential in the system to that of the open tap. However, in order to 

supply the closed-loop PV/T array and water tank with supply fluid, pumps had to be integrated 

into the system. Type 3d is a constant power pump that allows for the flowrate and power 

consumption to be controlled. Two pumps were used to circulate the collector loop and DHW 

loop through the thermoelectric heat exchanger. The operating conditions for these pumps can be 

seen in Table 3. 

Table 3: Fluid pump Type 3d parameters. 

 Name  Value 

Maximum flowrate 60 kg/hr 

Fluid Specific heat 3.56 kJ/kgK, 4.18 kJ/kgK 

Maximum power 60 kJ/hr 

Conversion Coefficient 0.05 

A flowrate of 60 kg/hr was chosen for the base case as it allows for high collector 

temperatures and promotes stratification within the storage tank. The pumps are able to turn on 

and off with the input of a control signal. This signal is generated by a differential temperature 

controller, Type 2b, which monitors the temperature of the tank and that of the collector array 

outlet and compares it against a user-inputted deadband. A binary output of 1 is outputted when 

the pumps are to be turned on, and 0 when the lower deadband is triggered. Since the 

thermoelectric modules become inefficient at large temperature gradients, a lower deadband of     
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-4 °C was chosen. Tests showed that decreasing this value further had a negligible impact on the 

annual solar fraction. The operating conditions of the temperature controller are shown in Table 

4. 

Table 4: Differential temperature controller Type2b parameters. 

Name Value 

Upper Deadband 5°𝐶 

Lower Deadband -4°𝐶 

No. of oscillations 5 

To pass the fluids through the closed loops, pipes were added (Type 31). These pipes 

added transmission losses to the fluids as they were passed between components. The physical 

properties of this component are shown in Table 5. 

Table 5: Pipe length Type 31 parameters. 

Name Value 

Inside diameter 0.95 cm 

Pipe length 10 m (collector loop), 2 m (DHW loop) 

Loss coefficient 1.84 W/m2K 

Initial Fluid Temp 10°C 

Initially, Type 66a was used which allowed for the calling of external programs, 

permitting the use of the EES thermoelectric heat exchanger model. The values from TRNSYS 

were imported into the EES model via the computer’s clipboard using the $IMPORT command. 

Once the iterative heat exchanger model had converged, the characteristic data and operating 

conditions were exported back to the clipboard using the $EXPORT command to be read into 

TRNSYS. It was discovered however, that the calling of an external program caused the total 
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simulation time to increase to an unfeasible level. Consequently, the EES model was then 

transcoded into FORTRAN 90 and was rebuilt as Type 247 to be run natively within TRNSYS. 

This method drastically reduced simulation time and allowed the use of the small time steps 

required for accurate results (see Appendix A). 

3.4.2 SAHP Configurations 

The two SAHP systems that were studied were the indirect solar assisted heat pump 

(ISAHP) and the solar-side ISAHP, as outlined by Figs. 21 and 22.  

 

 

Fig. 21: Schematic of the studied thermoelectric indirect heat pump configuration. 
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Fig. 22: Schematic of the studied thermoelectric solar-side indirect heat pump system. 

The ISAHP system was designed for a large amount of heat to be transferred so that the 

storage tank could be charged in a single pass through the device, keeping plate temperatures 

close together. With the low thermal conductance of the modules, it was necessary to run the heat 

pump whenever hot water was demanded by the storage tank. By transitioning the thermoelectric 

heat exchanger to span the glycol loop, creating the solar-side ISAHP, the device could remain 

unpowered in the summer months, allowing for the direct charging of the storage tank through a 

brazed plate heat exchanger, drastically reducing electrical loads. Consequently, electrical energy 

from the panels that was not used by the thermoelectric modules was returned to the grid. When 

the delivery temperature from the panels dropped, the thermoelectrics were activated to boost 

delivery temperatures from the collector array. This solar-side configuration however, required 

the addition of a brazed plate heat exchanger to connect the two loops, and added bypass losses 
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across the module when unpowered. These configurations were developed in TRNSYS and are 

shown in Appendix B.  

As discussed in Chapter 2, the direct coupling of thermoelectrics and a PV array causes 

mismatching in the I-V curves for the loads and supply. Although the wiring of the thermoelectric 

modules can be varied to create different load curves, the operation of the devices is heavily 

dependent on the solar irradiance seen by the panel. Figure 23 shows how the peak power of a 

photovoltaic panel designed for a linear resistance at 1000 W/m2 can be greatly reduced as the 

solar irradiance is lowered.  

 

Fig. 23: I-V curve of a typical photovoltaic panel under decreasing solar irradiance with a 3.85Ω 

constant resistive load. The operating point exists at the intersection of the I-V curve and 

the load curve, shown in black. 

For the systems under consideration, it was decided that an MPPT would be integrated, as 

the literature showed that not matching the resistive load of the thermoelectric modules to the 

power output of the panels lowered the total output of the PV array. It was assumed that the 

MPPT tracker had a tracking efficiency of 90 %, similar to the device built and tested by de 

Cesare et al. for resistive loads [72]. This allowed for the importing of the electrical output of the 
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PV/T module into the TEM model. Any electricity that was not used directly for the 

thermoelectric heat exchanger (i.e., when electricity was being produced by the panels but was 

not needed by the heat exchanger) was passed into an inverter operating at 90 % efficiency to be 

returned to the grid. All of the testing on these two systems was simulated for Montreal using a 

.TMY weather file. This location was chosen as it has a temperate climate, a large population, an 

easily accessible weather file, and is in an area that is centralized to a large percentage of the 

Canadian population 
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Chapter 4 

Experimental Setup 

4.1 Introduction 

To verify the models that were developed in Chapter 3, two characterization devices were 

used. An aluminum block of known dimension was used to determine the operating conditions of 

the thermoelectric module, and a thermoelectric heat exchanger was manufactured to determine 

the accuracy of the TEM model on a larger scale. All tests were conducted at steady-state 

intervals to create performance relationships between the critical operating parameters. 

4.2 Thermoelectric Characterization Apparatus 

In order to determine the resistance, conductance, and Seebeck coefficient of the TEM, 

required by Eqs. 6 and 7, the modules had to be characterized using a method developed by 

Mitrani et al. [54]. In this method, an aluminum block of known properties and dimensions was 

embedded with T-type thermocouples. Using a one-dimensional heat transfer analysis, the 

amount of heat passing through a module was measured, along with the respective plate 

temperatures. The apparatus used was constructed by Preston, and is shown in Fig. 24 [25]. 
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Fig. 24: One-D heat transfer apparatus used for thermoelectric module characterization [25]. 

The aluminum block was encased in extruded polystyrene foam, and all gaps were filled 

with expanding spray foam insulation. The calibration of the thermocouples embedded into the 

top and bottom of the block, as well as in the fan-assisted heat sink was found to have changed 

from the analysis conducted by Preston, most likely due to a change in the specific data 

acquisition system used. Three new thermocouples were calibrated using a temperature controlled 

bath, and were embedded into the aluminum block and heat sink using Omegabond® 101 

thermally conductive epoxy. The calibration data along with the linear regression can be found in 

Appendix C. The thermocouples were sourced from the same production roll to reduce 

differential temperature measurement error. The module was mounted on the top of the block 

using Deepcool Z5 thermal interface material, and the heat sink was clamped down with the use 

of springs to equalize mounting pressure.  

To determine the Seebeck coefficient of the module, the TEM was fixed into the 

apparatus and the open circuit voltage was measured under an applied thermal load. The mean 
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module temperature was varied using a temperature bath connected into the base of the block. 

The Seebeck coefficient was determined by applying Eq. 3. To determine the module electrical 

resistance, the TEM was supplied with a constant voltage using a Xantrex XFX 150-8 DC power 

supply, and the resultant current was measured. The plate temperature difference, however, 

introduced an inherent voltage potential to the module which was accounted for using Eq. 46. 

𝑅𝑇𝐸𝑀 =
𝑉 − 𝑉𝑠

𝐼
 (46) 

Again, the temperature bath was adjusted in order to vary the mean temperature of the module. 

Finally, the module thermal conductance, K, was calculated by measuring the heat pumped 

through the module, and by rearranging Eq. 13. 

𝐾𝑇𝐸𝑀 =
𝛼𝑇𝐻𝐼 +

1
2 𝐼2𝑅𝑇𝐸𝑀 − 𝑄𝐻

𝑇𝐻 − 𝑇𝐶
 (47) 

Results for the resistance and thermal conductance were limited by the heat pumping 

power of the TEM. As the bath temperature increased, more heat flowed back across the module 

causing the measured heat transfer to decrease and the measurement error to increase. As a result, 

measurements could only be taken up to a mean module temperature of 39 °C; however this is 

near the expected maximum operating condition in a SDHW application. 

4.3 Heat Exchanger Apparatus 

To test the validity of the developed thermoelectric model at a larger scale, a 

thermoelectric heat exchanger was manufactured.. Three heat exchangers were manufactured, 

each consisting of a pair of 1.27 cm copper pipes embedded into an aluminum block. Each 

segment of the heat exchanger was required to have a flat face in order to provide the TEMs with 

an even mounting surface, so a 40 mm x 310 mm surface was created, holding up to seven TEMs 
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per heat exchanger section with an individual height of 31 mm. With the use of the CT-09CQ 

modules that are discussed in Section 5.3.1, this gave the heat exchanger a maximum cooling 

capacity of 1.62 kW (where Δ𝑇𝑝𝑙𝑎𝑡𝑒 = 0 °𝐶) and a maximum heating capacity of 2.91 kW (where 

𝑄𝐶 = 0 W). To reduce the amount of heat loss from the heat exchanger blocks, excess aluminum 

was machined from the back surfaces, as seen in Fig. 25. 

 

Fig. 25: Twisted-tape heat exchangers with an embedded copper pipe. 

Maintaining a high heat transfer rate around the circumference of the copper pipe, as well 

as ease of machining led to the selection of the final trapezoidal cross section. Initially, the EES 

model that was created assumed the pipe wall area seen by the liquid was at a uniform 

temperature, so a finite-element analysis was undertaken using F-Chart’s FEHT software [73]. 

The analysis was conducted for an expected heat transfer rate of 72 W per module (45,000 W/m2) 

with an entering fluid temperature of 20 °C. It was found that lowering the pipe closer to the flat 

surface had the largest impact on the performance of the heat exchanger. Bringing the leading 

edge of the pipe from 8 mm to 5.5 mm brought temperatures from 27.4 °C and 24.2 °C, to 28.1 °C 
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and 24.9 °C, for the front-side and back-side edges of the pipe, respectively. This effect can be 

seen in Fig. 26. 

 

Fig. 26: FEHT analysis of temperature distribution within the cross section of a trapezoidal heat 

exchanger under a thermal load of 45,000 W/m2. 

Although the smallest distance possible would be ideal, the final distance-to-pipe of 5.5 

mm was chosen to allow for the embedding of thermocouples to determine the operating 

temperatures of the modules. To account for the variation in temperature seen by the pipe cross-

section, the EES model was updated to allow for conduction losses within the aluminum side 

walls. A two-node approach was taken where the pipe wall was split into two uniform 

temperatures, which showed a front-side temperature of 27.7 °C and a back-side temperature of 

24.4 °C under the same operating conditions. 

Another method of increasing the heat exchanger performance that was adopted was to 

use a twisted-tape insert, as outlined in Chapter 3. Although an analysis of heat exchanger types 

showed that a staggered pin configuration would provide the maximum COP (see Chapter 5), the 

low cost and ease of manufacturing of the twisted-tape type heat exchanger led to it being chosen 

for the scaled model validation. Six lengths of 1.27 cm wide twisted-tape with a twist ratio (𝛿) of 

(a) (b) 
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3 and a thickness of 0.8 mm, shown in Fig. 27, were manufactured and inserted into the pipe 

sections.  

 

Fig. 27: Copper twisted-tape inserts with a thickness of 0.8 mm and a twist ratio of 3. 

This twist-ratio was chosen as it was shown in the literature to have a high heat transfer 

rate with a low associated pressure drop. Small holes (2mm) were drilled into the heat exchangers 

in order to embed thermocouples that determined the module plate temperatures at the inlet and 

outlet of each heat exchanger segment. Additionally, one segment was fitted with five 

thermocouples in order to determine the operating conditions across a single segment in detail. 

All of the thermocouples were fixed into the apparatus with Omegabond® 101 thermally 

conductive epoxy at a depth of 20 mm (i.e., the center of the module). This concept is shown in 

Appendix B. The heat exchanger segments were mounted on aluminum supports, and were 

thermally insulated using thick rubber padding, shown in Fig. 28. 
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Fig. 28: Thermoelectric heat exchanger mounting mechanism. 

Twenty-one TEMs were placed between the heat exchanger sections and were clamped 

down with compression springs, to create an even mounting pressure. Three of the high tolerance 

springs were tested to determine their spring coefficients. After calculating a 34 kN/m spring 

coefficient, it was determined that a 10 mm displacement across each of the 12 springs would 

provide a mounting pressure of 124 kN/m2. With the thermal interface material used having a 

thermal conductivity of 1.46 W/mK, it was assumed that the contact resistance was similar to that 

prescribed by Incropera for an aluminum/aluminum interface with Dow Corning 340 grease (0.54 

W/mK) under 100 kN/m2 of mounting pressure [14], [74], [75]. Some error was introduced with 

variations in layer thickness and mounting pressure, the effects of which are addressed in 

Appendix A. For tests under a controlled current, the TEMs were wired in series using two 

Xantrex 150V/8A DC power supplies, providing a total power capacity of 2,400 W.  



 

 

 

60 

 In order to characterize the steady state operation of the heat exchanger, the collector side 

was connected to a PID-controlled calorimeter described by Cruickshank [76], and the DHW side 

was connected to mains water. The flow rates were monitored with a previously calibrated Micro-

oval-Mark II (LNC 45C2-000-EO) flowmeter and a Seametrics EM101PT-025 flowmeter. It was 

found that the Seametrics flow meter had drifted substantially from the factory calibration, so a 

new calibration was conducted, the results of which can be found in Appendix C.  Voltage 

measurements were taken at the load, using high precision voltage dividers. Current 

measurements were also taken at the load using current shunts, the calibrations for which can be 

found in Appendix C. Heavy gauge wire was used for the main power supply connections to 

minimize voltage drop. Once assembled, the heat exchanger was encased in EPS foam to 

minimize the convective currents to the sides of the device. The heat exchanger was tested under 

collector temperatures of 25-45 °C in 5 °C increments, as the calorimeter did not contain a chiller 

to get below ambient levels. For each collector temperature, the flow rate was varied from 1.5 

LPM to 3.5 LPM in 0.5 LPM increments. It was found that with a flowrate less than 1.5 LPM, the 

measurement error in the system increased, preventing accurate correlations from being made. 

Finally, for each inlet temperature and flow condition, the applied current to the thermoelectric 

modules was varied from 1-5 A, the maximum for the current shunts. All of the tests were 

conducted using mains water as the DHW supply. With the laboratory being situated on the top 

floor of a large building, this temperature varied by ±3 °𝐶 but did not drop below 17 °C, higher 

than the literature would suggest for a residential home.  A schematic for the testing apparatus 

with thermocouple locations is shown in Appendix B. 
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Chapter 5 

Results and Analysis 

5.1 Introduction 

This chapter discusses the results obtained from the thermoelectric heat exchanger model 

discussed in Chapter 3 and the performance data from the thermoelectric heat exchanger 

apparatus that was described in Chapter 4. This characteristic performance data was used to 

validate and improve the model so that it could be used in annual simulations, and was also used 

to optimize SAHP configurations. The TRNSYS simulation results of the ISAHP systems are 

also presented and discussed. 

5.2 Heat Exchanger Comparison 

The EES model that was developed was used to compare the heat exchanger types 

outlined in Chapter 3 under thermoelectric operation. The three heat exchanger designs were 

simulated under the same operating conditions with the same number of modules. Inlet 

temperatures on both sides of the heat exchanger were chosen to be 10 °C, as this is a likely 

operating condition and the COPs will not be artificially inflated by the natural flow of heat 

through the module (e.g., Fourier conduction from hot collector fluid to the cold mains water 

through an unpowered module would register an infinite COP). The results of this analysis are 

shown in Fig. 29. 
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Fig. 29: COP comparison of the three modeled heat exchanger types under expected operating 

currents for 3 LPM matched flow rates and 10 °C inlet temperatures. 

The staggered pin heat exchanger operated at a maximum of 8.1 % and 5.7 % higher 

COP than the twisted-tape and straight fin type heat exchangers, respectively. However, under 

expected operating currents, this difference was reduced slightly. The difference in operating 

efficiency was especially apparent at low applied currents, where losses due to Joule heating are 

low. It is important to note that a high COP does not necessarily indicate good performance in a 

SAHP system; however, it is a useful metric when comparing across identical operating 

conditions. As mentioned in Chapter 4, the ease of manufacturing for the twisted-tape style heat 

exchanger outweighed the performance gain seen by the staggered-pin and straight fin type heat 

exchangers. As such, the twisted-tape heat exchanger was chosen for the testing apparatus that 

was constructed. A second model was created using the same twisted-tape relationships to 

determine the effect of using two heat exchangers piped in parallel or in series, shown in Fig. 30. 
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Fig. 30: COP comparison of thermoelectric heat exchanger sections in series and in parallel for 3 

LPM matched flow rates and 10 °C inlet temperatures. 

It can be seen that the series heat exchangers performed better than the parallel heat 

exchangers across all expected operating points. This is due to the increased flow rate seen by the 

series heat exchangers from the reduction in total hydraulic diameter of a single pipe, which 

increases the average convection coefficient within the heat exchanger. The low length of the 

parallel modules would not be able to achieve the higher temperatures necessary for a DHW 

system. Due to these results, a series arrangement was chosen for the apparatus discussed in 

Chapter 4. 

5.3 Thermoelectric Module Analysis 

The thermoelectric devices were modeled using the Tsai and Lin method to determine the 

Seebeck coefficient, the module electrical resistance, and the module thermal conductance. Using 

these results, a module was chosen that was both cost effective, and had excellent heat transfer 

properties. The aluminum block apparatus discussed in the previous section was used along with 

a temperature bath to determine the characteristic variables of the chosen module as a function of 
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the average module temperature. Once these values were obtained, a comparison was made to the 

Tsai and Lin method to determine how large of an error was introduced by using this method, as 

discussed in Section 2.4. 

5.3.1 TEM Comparison 

Thermoelectric modules can vary greatly in size and operating conditions based on the 

desired application. Manufacturers are able to vary the maximum voltage, maximum current, and 

consequently, the maximum heat absorption of a single module by altering the thermoelectric leg 

length, heat transfer area, and total number of bimetallic couples. As such, there are many TEMs 

to choose from on the commercial market. Since the active characterization of each of these 

modules in not feasible due to the sheer scale of modules available, the Tsai and Lin method 

discussed in Chapter 2 was applied to compare the performance of the modules. Although this 

method is known to over-predict performance capabilities, it is still a useful tool when comparing 

modules from several manufacturers. The Tsai and Lin method was used to compare four 

modules from three separate suppliers; an 81W Tellurex C2-44-1608 module, a 77.1 W Custom 

Thermoelectric 127-11-5L31-09CQ module, a previously characterized 71 W Marlow RC12-8 

module, and a lower heat capacity 54 W Marlow RC12-6 module. The predicted characteristic 

values for these modules are shown in Table 6. 

Table 6: Linear relationships of characteristic variables for four investigated thermoelectric modules. 

𝑴𝒐𝒅𝒖𝒍𝒆 𝒃𝑹 𝒎𝑹 𝒃𝑲 𝒎𝑲 𝒃𝑺 𝒎𝑺 

RC12-8 (71W) 1.4554 0.0167 0.5392 0.0087 0.0455 0.0002 

Tellurex 1608 (81W) 1.4121 0.0085 0.6271 -0.0003 0.0484 0.0001 

CT-09CQ (77.1W) 1.3233 N/A 0.7881 N/A 0.0513 N/A 

RC12-6 (54W) 2.1139 0.0111 0.4839 -0.0004 0.0447 0.0002 
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With only one operating temperature supplied for the CT-09CQ module, a slope of the 

characteristic values with respect to mean module temperature could not be applied. The smaller 

heat capacity module had a larger number of total modules in the system to supply the same 

overall heat pumping capacity as the other modules (i.e., extended total heat exchanger length). 

Fig. 31 shows the performance of the four modules for a system with water entering on both sides 

of a 21 module twisted-tape heat exchanger, at a flow rate of 3 LPM and a temperature of 10 °C, 

with the smaller capacity system having 30 modules. 

 

Fig. 31: Predicted COP of thermoelectric modules using the Tsai and Lin method with a 21         

module trapezoidal heat exchanger for an increasing applied current and for 3 LPM 

matched flowrates and 10 °C inlet temperatures. 

The modules showed high COPs under low current when internal generation was low, 

and decreased (as expected) as the higher generation created large plate temperature gradients, 

overwhelming the heat absorption (Eq. 13). The modules were also tested under a constant 

applied current of 4A against increasing collector source temperatures, the results of this testing 

being shown in Fig. 32. 
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Fig. 32: Predicted COP of thermoelectric modules using the Tsai and Lin method with a 21 

module trapezoidal heat exchanger for an increasing hot inlet temperature and for 3 LPM 

matched flowrates and 10 °C inlet temperatures. 

The CT-09CQ module showed the highest performance, with the low thermal 

conductance greatly affecting the COP with increasing collector temperatures through Fourier 

conduction. It was expected that a thermoelectric heat exchanger in a SAHP system would see 

collector temperatures that are higher than the inlet mains water for a large portion of the year. 

With the CT-09CQ module showing clear benefits in both operating performance and unit cost, 

21 modules were ordered from the supplier, characterized, and integrated into the scaled testing 

apparatus. 

5.3.2 TEM Characterization 

Using the aluminum block apparatus (see Section 4.2) and the data acquisition system, 

the CT-09CQ modules were tested to determine the Seebeck coefficient, the module electrical 

resistance, and the module thermal conductance. Measurements were taken for the open-circuit 
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voltage for the module at varying bath temperatures in order to determine the voltage produced 

by the Seebeck effect. Figure 33 shows the linear relationship with average module temperature 

for the device. 

 

Fig. 33: Seebeck coefficient as a function of thermoelectric mean temperature for a CT-09CQ 

module. 

Using the same apparatus, the electrical resistance and thermal conductance were 

calculated by applying a constant voltage to the TEM and measuring both the resultant current 

and heat pumped. Equations 46 and 47 were then used to determine the characteristic variables, 

shown in Figs. 34 and 35. 
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Fig. 34: Electrical resistance as a function of thermoelectric mean temperature for a CT-09CQ 

module. 

 

Fig. 35: Thermal conductance as a function of thermoelectric mean temperature for a CT-09CQ 

module. 
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A linear regression was performed on the variables to determine the error associated with 

the measurement process. Table 7 outlines the trendlines for the variables, along with their 

associated standard errors. 

Table 7: Linear relationships and errors of the characteristic variables for the CT-09CQ module. 

 m 𝝈𝒎 b 𝝈𝒃 

S 0.00032 0.000006 0.034671 0.000221 

R 0.00790 0.000192 1.468044 0.005112 

K 0.00993 0.000462 0.432872 0.015080 

5.3.3 Parameter Approximation Validation 

The use of the Tsai and Lin approximation was expected to over-predict the performance 

of the module. The variables determined in the previous section were therefore compared to the 

estimation to determine the total effect on performance. Only a single operating condition was 

supplied by the manufacturer which limited the accuracy of the Tsai and Lin method, as no slope 

with respect to mean module temperature could be calculated. Using the numerical model 

developed in Section 2.4.1, the performance of the thermoelectric heat exchanger was compared 

using the empirically determined coefficients against those predicted by the Tsai and Lin method. 

Figure 36 shows the performance for a system with water entering on both sides of a 21 module 

twisted-tape heat exchanger, at a flow rate of 3 LPM and a temperature of 10 °C. Additionally, 

the values were compared to an increasing collector temperature with 4A of applied current, 

shown in Fig. 37. 
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Fig. 36: COP comparison of a CT-09CQ module using parameters determined using the Tsai and 

Lin approximation against those determined experimentally, for an increasing applied 

current, 3 LPM matched flowrates, and 10 °C inlet temperatures. 

 

Fig. 37: COP comparison of a CT-09CQ module using parameters determined using the Tsai and 

Lin approximation against those determined experimentally, for an increasing inlet 

temperature from the collector, 4 A of applied current 3 LPM matched flowrates, and a 

10 °C hot inlet temperature. 
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The Tsai and Lin method was found to over-predict the performance of module by up to 

23 % in the applied current simulations, and up to 27 % in the collector temperature variation 

simulations. This large variation indicated that the Tsai and Lin method under-predicted the 

internal resistance of the module as well as the thermal conductance.   

5.4 TEM Heat Exchanger 

Using the thermoelectric heat exchanger and test methodology outlined in the previous 

chapter, the performance of the thermoelectrics and the accuracy of the developed model were 

ascertained. The control volume for the heat exchanger testing is shown in Fig. 38. Additional 

information on the apparatus is shown in Appendix B. 

 

Fig. 38: Control volume for the thermoelectric heat exchanger apparatus. 

5.4.1 Operating Performance 

The heat exchanger was operated under controlled conditions to determine the effect of flow 

rate, inlet temperature, and the current applied to the modules. Figures 39-41 show the 

performance of the device for an increasing hot inlet supply temperature. 
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Fig. 39: COP for the designed 21 module twisted-tape heat exchanger for increasing applied 

current and hot inlet supply temperature (1 A omitted for clarity). 

 

 

Fig. 40: Heating load for the designed 21 module twisted-tape heat exchanger for increasing 

applied current and hot inlet supply temperature. 
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Fig. 41: Cooling load for the designed 21 module twisted-tape heat exchanger for increasing 

applied current and hot inlet supply temperature. 

As expected the total heat rejected to the cold water supply increased as the applied 

current increased. Additionally, the rate of heat absorbed from the hot supply decreased as current 

increased, due to the inherent Joule heating of the module. The flow rate through each side of the 

heat exchanger was also varied to see the effect of the increased turbulence due to the twisted-

tape inserts. With an increase in flow rate, the internal convection coefficient rose and created a 

larger temperature gradient between the fluid and the heat exchanger surface. This led to the 

increased COPs shown in Fig. 42. 
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Fig. 42: COP for the designed 21 module twisted-tape heat exchanger for increasing applied 

currents, with 17 °C cold inlet and 30 °C hot inlet temperatures. 

The increase in flow rate also affected the plate temperatures of the modules. Increasing 

the flow rate caused less of a temperature gradient across the modules, creating a more uniform 

temperature profile across the entire heat exchanger. Figure 43 shows the temperature profile of 

the modules against their position in the heat exchanger as flow rate increases. 

 

Fig. 43: Average hot and cold face plate temperatures with a 30 °C hot inlet temperature and 3 A 

of applied current. 
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It is important to note that a ±1 °𝐶 error was introduced into the measurements from the 

thermocouples. As expected, a reasonably linear relationship can be drawn, with a slightly 

diverging temperature profile as more heat is rejected to the hot fluid than is absorbed. 

For the final test, the heat exchanger was run with the modules completely unpowered to 

determine the overall heat transfer coefficient, or UA-value, of the heat exchanger given in Eq. 

48, 

𝑄 = 𝑈𝐴 ∙ Δ𝑇𝑙𝑚 (48) 

where Δ𝑇𝑙𝑚 is the log-mean temperature difference in a counter flow heat exchanger, given by 

Eq. 49, 

Δ𝑇𝑙𝑚 =
Δ𝑇2 − Δ𝑇1

ln (
𝛥𝑇2
𝛥𝑇1

)
 (49) 

and where,  

Δ𝑇1 = 𝑇ℎ,𝑖 − 𝑇𝑐,𝑜 

Δ𝑇2 = 𝑇ℎ,𝑜 − 𝑇𝑐,𝑖 

(50) 

(51) 

The flow rate was varied from 1.5-3.5 LPM in 0.5 LPM increments, and the hot inlet 

temperature was varied from 25-45 °C in 10 °C increments. Figure 44 shows the UA-value for the 

heat exchanger with an increasing flowrate. 
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Fig. 44: Overall heat transfer coefficient for the designed 21 module trapezoidal heat exchanger 

for increasing hot inlet supply temperatures and flowrates. 

5.4.2 Heat Exchanger Model Validation  

To use the model (whose development was discussed in Chapter 3) in annual simulations, 

it had to be shown that it was able to correctly predict the performance of the device across all 

operating conditions.  An accurate model would be able to correctly predict the required input 

power, and be able to produce the correct heat loads and fluid temperatures at each stage in the 

heat exchanger. The data that was collected from the characterization tests were passed into the 

model to determine the accuracy of the twisted-tape relationships and the thermoelectric 

performance equations. Figures 45-47 show the performance of heat exchanger against that 

predicted by the model for a 2 LPM flow. Only two applied currents are shown for clarity. 
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Fig. 45: A COP comparison of the experimental heat exchanger against the developed numerical 

model for an increasing hot inlet temperature under 2 A and 4 A of applied current and 2 

LPM matched flow rates. 

 

Fig. 46: A heating load comparison of the experimental heat exchanger against the developed 

numerical model for an increasing hot inlet temperature under 2 A and 4 A of applied 

current and 2 LPM matched flow rates. 
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Fig. 47: A cooling load comparison of the experimental heat exchanger against the developed 

numerical model for an increasing hot inlet temperature under 2 A and 4 A of applied 

current and 2 LPM matched flow rates. 

The small variance in the linearity of the tests is attributed to variations in the mains 

water flowrate and temperature during the data recording window. The model was analyzed under 

a constant hot inlet temperature with increasing flowrates to determine the accuracy of the 

twisted-tape relationships, as shown in Fig. 48. 

 
Fig. 48: A COP analysis of the experimental heat exchanger against the developed numerical 

model for an increasing flow rate under 2A and 4A of applied current and a hot inlet 

temperature of 30 °C. 
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The largest errors between the model and experimental tests were found to be 4.5 %, 7.9 

%, and 3.9 % for the COP, heating load, and cooling load respectively. The largest error in the 

flow rate simulations was found to be 4.0 % for the values tested. 

5.4.3 Additional Operating Conditions 

All of the tests were conducted using a high hot inlet temperature and a low cold inlet 

temperature. However, there is a case in the ISAHP system where a single pass of the storage 

tank has been completed and the heat exchanger begins to draw warm water for a second pass, 

albeit at a lower efficiency. Figures 49 and 50 show the modeled performance of the heat 

exchanger under an increasing inlet temperature differential. 

 

Fig. 49: Predicted COP of the designed heat exchanger for an increasing inlet fluid temperature 

difference (TH,in-TC,in) under 2 A and 4 A of applied current. 
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Fig. 50: Predicted heating load of the designed heat exchanger for an increasing inlet fluid 

temperature difference (TH,in-TC,in) under 2 A and 4 A of applied current. 

The performance degradation with respect to a higher temperature is most apparent when 

looking at the heat absorption rate, 𝑄𝐶, as shown in Fig. 51. 

 

Fig. 51: Predicted cooling load of the designed heat exchanger for an increasing inlet fluid 

temperature difference (TH,in-TC,in) under 2 A and 4 A of applied current. 
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As expected, the performance of the heat exchanger decreased due to the increased plate 

temperature gradient seen across the modules and the lower temperature gradient seen between 

the fluid and their respective plates. Under lower currents, this effect is more pronounced as the 

reduced heat pumping effect allows more of the heat to flow back across the module. This 

operating mode is mirrored when using the heat exchanger in the solar-side ISAHP with a hot 

collector fluid being exposed to the hot faces of the thermoelectrics, and the colder return fluid 

from the brazed plate heat exchanger exposed to the cold faces. 

5.5 Annual Simulations 

In this section, the EES model for the thermoelectric heat exchanger was used to improve 

the efficiency of the two heat pump configurations under investigation, as outlined in Section 

3.4.2. Tests were conducted using TMY weather data files for Montreal, and using a CSA 

Schedule B 225 L/day hot water load [71].  

5.5.1 Indirect Solar Assisted Heat Pump 

In an ISAHP system, all of the heat must pass through the thermoelectric heat exchanger 

unit. This makes sizing the unit extremely important to achieving high solar fractions and 

collector efficiencies. Subsequently, sizing the collector area to the number of modules is 

inherently difficult. If the ratio of panel area to number of modules is low, there will not be 

enough electrical production to power the modules, as each one will receive very little power. If 

this ratio is too large, then the amount of heat absorbed by the panels will be too much for the 

modules to effectively pump, causing the collector array to reach very high temperatures and 

incur large thermal losses to the ambient air. Figures 52-54 show the effect of increasing the total 

number of modules in the heat exchanger, and therefore the total heat transfer area, in an ISAHP 

configuration. 
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Fig. 52: Annual average solar fraction of a twisted-tape thermoelectric heat exchanger for an 

increasing number of integrated modules and total collector area. 

 

Fig. 53: Annual average PES efficiency of a twisted-tape thermoelectric heat exchanger for an 

increasing number of integrated modules and total collector area. 

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

0 2 4 6 8 10 12

So
la

r 
Fr

ac
ti

o
n

Collector Area [m2]

20 Modules

30 Modules

40 Modules

50 Modules

60 Modules

30.0%

35.0%

40.0%

45.0%

50.0%

55.0%

60.0%

65.0%

70.0%

75.0%

0 2 4 6 8 10 12

P
ES

 E
ff

ic
ie

n
cy

Collector Area [m2]

20 Modules

30 Modules

40 Modules

50 Modules

60 Modules



 

 

 

83 

 

Fig. 54: Annual average total panel efficiency (thermal and electrical) of a twisted-tape 

thermoelectric heat exchanger for an increasing number of integrated modules and total 

collector area. 

The solar fraction of the system increased as the number of modules, and subsequent total 

heat transfer area of the heat exchanger, and total collector area increased. As the total collector 

area rose, the PES and panel efficiencies began to fall as higher collector temperatures were 

produced and thermal losses to the ambient rose. For a collector area of 8 m2, the transition from 

20 to 30 modules produced a 6.4 % increase in average solar fraction, while the transition from 

50 to 60 modules only produced a 1.7 % increase. The performance of this system was also 

heavily dependent on the month. With lower ambient temperatures and solar declination angles in 

the winter, the solar fraction was greatly reduced. Figures 55 and 56 show the monthly operating 

performance of a 40 module thermoelectric heat exchanger with 8 m2 of collector area. 
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Fig. 55: Monthly COP and heating load analysis of a 40 module heat exchanger with 8 m2 of 

collector area. 

 

Fig. 56: Monthly efficiency analysis of a 40 module heat exchanger with 8 m2 of collector area. 
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It can be seen that the electrical efficiency increased in the winter months as average cell 

temperatures were lowered. Consequently, the thermal efficiency declined in the winter months 

as ambient temperatures dropped and thermal losses through the insulation rose. The 

thermoelectric heat exchanger did not appear to have a large enough heat transfer capacity to 

effectively remove the excess heat in this configuration. This problem was partially resolved with 

the addition of a high-effectiveness brazed plate heat exchanger as part of the solar-side ISAHP 

system. 

5.5.2 Solar-Side ISAHP 

In the solar-side ISAHP system, the tank was directly charged using a constant 

effectiveness heat exchanger when collector delivery temperatures were high enough. This 

allowed for the electrical energy produced by the PV/T panel to be used by the electric auxiliary 

heater in the water tank, or sold to the grid. When unpowered, the solid-state TEM heat 

exchanger allowed for some of this heat to short-circuit the constant effectiveness heat exchanger, 

increasing the collector inlet temperature and reducing efficiency. With the reduction in required 

electrical load, it was expected that solar fractions would be higher than the ISAHP system for the 

same collector area. Additionally, it was expected that fewer modules would be required to 

“boost” the delivery temperatures to the constant effectiveness heat exchanger. Figure 57 shows 

the effect on average annual solar fraction for an increasing number of modules and total 

collector area. 
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Fig. 57: Annual average solar fraction of a twisted-tape thermoelectric heat exchanger for an 

increasing number of integrated modules and total collector area 

 The number of modules does not appear to have a large impact on solar fraction until 

high collector areas are used. With an increasing collector area, hotter fluid is pumped into the 

heat exchanger. With a larger number of modules, the total heat transfer area for short-circuit 

losses was increased. Additionally, each module had less applied current which reduced or 

eliminated the heat pumping effect. A monthly analysis was conducted for the solar-side system 

using the same parameters as the ISAHP analysis, and the results are shown in Figs. 58 and 59. 
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Fig. 58: Monthly COP and heating load analysis of a 40 module heat exchanger with 8 m2 of 

collector area for the solar-side ISAHP. 

 

Fig. 59: Monthly efficiency analysis of a 40 module heat exchanger with 8 m2 of collector area 

for the solar-side ISAHP. 
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Analysis of these results indicated that during the summer months, collector temperatures 

often triggered the high-temperature cutout (i.e., the set point that is reached when collector 

temperatures are high enough to supply the storage tank directly). During these periods, electrical 

energy was sent to the inverter, and the unpowered heat exchanger reduced the total collected 

energy that was sent to the plate heat exchanger. Analysis of Fig. 58 shows that during months of 

high solar irradiance, more heat is short-circuiting through the heat exchanger than is being 

powered across it. When the heat exchanger is operating, however, the COP is favourable. 

Additionally, with increasing ambient temperatures in the summer months, collector thermal 

losses to the ambient air were reduced, but electrical efficiency decreased as the average cell 

temperature increased. Analyses were also conducted with the high-temperature cut out disabled. 

Solar fractions were reduced across all configurations as the electrical energy was used to power 

the modules in an attempt to limit the thermal short-circuit losses instead of being directed to the 

inverter. While this method of operation is open to control optimization such that the minimum 

amount of power is sent to achieve net zero heat transfer, it is not recommended. A system 

configuration that mitigates the thermal short-circuit losses is recommended in Section 6.4.  
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Chapter 6 

Discussion of Results 

6.1 Introduction 

In this chapter, the results of the thermoelectric modelling approach, heat exchanger 

design, and annual performance factors are discussed. Additionally, improvements on system 

design and thermoelectric control are discussed. 

6.2 Thermoelectric Modelling 

The thermoelectric characteristic variables were determined using a linear relationship to 

the average module temperature. From the analysis of the Tsai and Lin method using the 

thermoelectric characterization apparatus, several conclusions can be drawn about the accuracy of 

thermoelectric modelling. The Tsai and Lin method overpredicted the performance of the CT-

09CQ module by up to 27 %. Inaccuracies were expected based on the findings by Preston, 

however the results from this study show that the Tsai and Lin method is less accurate than 

previously expected for a specific module [25]. While this method does have some benefit when 

comparing characteristics variables across multiple modules, the accuracy of these variables is 

not suitable for precise modelling of solar systems. 

It is suggested that manufacturers include a method of determining the characteristic 

variables from the module datasheet. Supplying accurate information about the operation of the 
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module outside of the reference conditions (i.e., multiple fixed hot plate temperatures) would 

improve a customer’s ability to size a thermoelectric module to their specific needs. Without a 

proper distributable model, consumers will have an increasingly difficult experience determining 

the correct module for their applications in an ever-growing market.  

6.3 Thermoelectric Heat Exchanger 

A combined thermoelectric liquid-liquid heat exchanger was designed and tested to 

determine the accuracy of the developed numerical model. The development and testing of a 21-

module twisted-tape heat exchanger showed that the thermoelectric equations, as well as the 

twisted-tape heat transfer relationships were able to predict the performance of the device to 

within 7.9 % of all tested operating conditions.  

From the analysis of the ISAHP annual performance, it can be seen that a solar fraction of 

75.4 % using 8 m2 of PV/T collector area and with 40 modules is only marginally higher than the 

solar fraction of 74 % presented by Berger for 6.06 m2 of collector area [77]. This is mainly due 

to the low heat transfer coefficient of the designed twisted-tape heat exchanger. Brazed plate heat 

exchangers, such as the SWEP B8T, can produce a UA-value of 95.6 W/K for 3.5 LPM of 

matched flow, and with 18 °C and 45 °C for the mains and collector inlet temperatures, 

respectively [78]. As discussed in Chapter 4, the designed thermoelectric heat exchanger had an 

unpowered UA-value of 14.12 W/K for 40 modules at ISAHP flowrates, and 10.85 W/K for the 

21 module heat exchanger at the solar-side ISAHP flowrates. While the operation of the 

thermoelectric modules will create larger temperature gradients, and thus a higher effective heat 

transfer coefficient, the unpowered UA-value is too low for most SAHP applications. Average 

annual solar fractions for the ISAHP system would be improved if the heat exchanger design was 

improved to raise this UA-value, as shown in Fig. 60. 
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Fig. 60: Effect of the overall heat transfer coefficient on average annual solar fraction for a 40 

module heat exchanger in an ISAHP system with 8 m2 of collector area. 

There is an upper limit on the un-powered UA-value, as the thermal conductance of the 

modules still adds large thermal resistances to the heat transfer, however the effective UA-value 

can be further improved with a thermoelectric performance increase. Increasing the UA-value 

showed a negative impact on the standard solar-side heat pump system, as the improved heat 

transfer coefficient increased short-circuit thermal losses during the summer months. 
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efficiencies of both an ISAHP system and a solar-side ISAHP system. One of the critical factors 
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40%

45%

50%

55%

60%

65%

70%

75%

80%

85%

90%

5 10 15 20 25 30

So
la

r 
Fr

ac
ti

o
n

UA-Value [W/K]



 

 

 

92 

W and 300 W, respectively [79]. This indicates that a heat pump under direct power would need 

to maintain a COP of 3.1 to have full panel utilization. However, these numbers can change 

drastically under varying ambient temperature and solar irradiance levels. In the solar-side 

ISAHP, electrical energy was often wasted as low applied currents were unable to overcome the 

Fourier conduction, leading to negative COPs. One method to reduce the effective COP required 

would be to add PV modules in series to increase the electrical production of the array. Another 

proposed method to mitigate these losses would be to decouple the thermoelectric modules from 

the PV/T panel and power them from the grid. This would allow the thermoelectrics to be sent an 

appropriate amount of power. The net electricity usage could be offset using the PV/T panels and 

an inverter. 

Using a decoupled grid or battery powered system, controllability of the thermoelectrics 

could be added to further optimize system efficiency. Using a TEM controller such as TETech’s 

TC-48-20 would allow for a fixed hot plate temperature to be maintained. To ensure ideal 

operation of the thermoelectrics, the control strategy would be required to assess the plate 

temperature and thermal load on the modules, and dispatch an appropriate amount of power. Too 

little and the heat pumping effect would not be strong enough to overcome the Fourier 

conduction, resulting in wasted power. Too much, and the plate temperature gradient and internal 

generation would greatly diminish the heat absorption of the modules, driving the COP to one 

(see Fig. 31). With the ISAHP system in particular, the applied current to the modules was often 

too low to effectively pump the heat out of collector loop, causing hot fluid to return to the 

collector and increase thermal losses, shown in Figs. 61 and 62. 
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Fig. 61: Performance data from the ISAHP system for a summer day with high solar irradiance. 

 

Fig. 62: Conditions for the ISAHP system for a summer day with high solar irradiance. 

With an increase in solar irradiance in the middle of the day, the inlet collector fluid rose 

dramatically. Although the COP is quite high at this point, the low applied current of 2.4 A 
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indicates that most of this heat was not effectively pumped from the supply fluid. Additionally, 

with the direct coupled method, the increase in modules affected both the heat transfer area, as 

well as the electrical supply characteristics, adding increased complexity to the sizing and 

optimization process.  

Another method to improve performance of the solar-side heat pump system would be to 

address the thermal short-circuit losses. It was shown in Fig. 57 that the average heat transfer 

through the heat exchanger was net-negative in the warmer months. Although this could be 

minimized by reducing the heat transfer area, or integrating a module with a low thermal 

conductance, it could be eliminated using a flow bypass. A solution was proposed to minimize 

these losses that incorporated aquastat-controlled flow diverters to bypass the thermoelectric heat 

exchanger when collector temperatures are high, effectively eliminating the thermal contact 

between the hot supply and cold return to the collectors. Due to the direct coupling of DC power 

and quick response time of the thermoelectrics, this operating mode could be achieved relatively 

easily. This system was modeled in TRNSYS using controllable flow diverters and T-pieces, 

shown in Appendix B, however this system could be produced using a thermostatic valve to 

divert flow away from the hot inlet of the heat exchanger. Fluid could continue to pass through 

the cold side of the heat exchanger with negligible thermal losses. The average monthly heating 

load, solar fraction, COP, and run-time for the 21 module twisted-tape heat exchanger and 6 m2 

of collector area are shown in Figs. 63 and 64.  
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Fig. 63: Monthly COP and heating load for a 21 module twisted-tape heat exchanger and 6 m2 of 

collector area for a solar-side ISAHP system with a diverter. The dotted line indicates the 

thermoelectrics were depowered for the month. 

 

Fig. 64: Monthly solar fraction and run time for a 21 module twisted-tape heat exchanger and 6 

m2 of collector area for a solar-side ISAHP system with a diverter. 
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With the bypass activation temperature set to 25 °C, the heating load across the heat 

exchanger was net positive and the average COP for the year was 2.5. The heat exchanger did not 

run for the month of July, as it was consistently above the 25 °C setpoint.  

6.5 Performance Comparison 

The average annual solar fraction of the recommended bypass configuration was 80.5 %, 

which is 8.8 % higher than the value presented by Berger for 6.06 m2 of PV/T collector area using 

a passive brazed plate heat exchanger for the same climate, and higher than the 73 % average 

solar fraction for the non-diverted system at the same conditions [77]. When comparing to the 

vapour-compression heat pump ISAHP designed by Elliot with 2.487 m2 of PV/T collector area 

and a for a similar climate, the VC system managed a solar fraction of 55.8 % with the 

recommended thermoelectric bypass system managing 50.2 % [11]. Elliot noted that on days of 

low solar irradiance the panel sourced much of its heat through convection from the ambient air. 

For 3 m2 of PV/T collector area, the solar fractions of the ISAHP and solar-side ISAHP systems 

were found to be 50.2 % and 49.4 %, respectively.  This was found to be more favourable than 

the thermoelectric results presented by Preston for the same thermal collector area, but less 

favourable than the VC ISAHP presented by Freeman [13], [25]. Table 8 summarizes the results 

of the studied systems against those by Preston using a thermoelectric heat pump, and against 

those by Freeman for a VC heat pump. 

Table 8: Solar fractions for the studied systems against those proposed by Preston and Freeman 

[13], [25]. 

System Thermal 

Area [m2] 

PV/T 

Area [m2] 

Solar 

Fraction [%] 

ISAHP  N/A 3 50 

Solar-side ISAHP N/A 3 49 

ISAHP (Preston) 3 N/A 46 

Solar-side ISAHP (Preston) 3 N/A 45 

VC ISAHP (Freeman) 3 N/A 54 
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The recommended bypass solar-side ISAHP was able to produce a solar fraction of 

51.4% for the same area. The increase in solar fraction over the work by Preston can be explained 

by the addition of the PV cells within the PV/T collector. With some of the electrical requirement 

of the auxiliary heater being offset by the PV production, overall solar fraction is increased. It is 

apparent however, that the thermal absorption of the VC system still outperforms the 

thermoelectric heat pump, even with the use of PV/T collectors. 

The inherent electrical and thermal matching with a direct-coupled system, as discussed, 

limited the performance of the thermoelectric system. In the early mornings, collector supply 

temperatures began to rise, but there was not enough electrical energy to reach the optimal 

operating point. This caused COPs to be lower than expected for the mornings and afternoons 

when solar insolation was low. The bypass configuration provided much better performance 

than the thermoelectric systems discussed, and is the recommended operating configuration for 

the current thermoelectric heat exchanger.  A cost analysis for the controls and valves should be 

conducted. 
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Chapter 7 

Conclusions and Recommendations 

Two PV/T solar domestic heat pump systems were modelled in TRNSYS to determine 

their performance over a year, with focus placed on the addition of a thermoelectric integrated 

heat exchanger model. The model applied linear relationships to determine characteristic 

thermoelectric variables, and calculated the operating conditions of the thermoelectric modules as 

well as the associated rates of heat transfer. A thermoelectric heat exchanger was then 

manufactured and tested, and showed the model to be accurate to within 7.9 % across all tested 

conditions. The device was simulated in an ISAHP system and a solar-side ISAHP system, with 

the thermoelectric modules being directly coupled to the thermal and electrical outputs of the 

PV/T array. Simulations showed that a 40 module ISAHP system was able to produce a solar 

fraction of 69.1 % for 6 m2 of collector area and 75.4 % for 8 m2 of collector area. The 21 module 

solar-side ISAHP was able to produce a solar fraction of 73.2 % for 6 m2 of collector area and 

84.1 % for 8 m2 of collector area. A heat transfer coefficient analysis conducted on the heat 

exchanger indicated that an improvement in solar fraction was possible for the ISAHP system 

with further heat exchanger design optimization. Using the simulation data, a bypass 

recommendation was made to the solar-side ISAHP system which showed the largest solar 

fraction for all the tested configurations at 80.5 % for 6 m2 of collector area, using the designed 

twisted-tape heat exchanger.  
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 The heat exchanger that was designed, built, and tested did not have a large enough heat 

transfer coefficient to facilitate ideal operation of the ISAHP system in its current state. With an 

increase in heat transfer area, this system could see large improvements in solar fraction as the 

delivery temperature to the tank is increased, and the return temperature to the collectors is 

decreased. The concept of a large scale thermoelectric heat exchanger was shown to be a practical 

and promising replacement in SAHP systems. It is recommended that the heat exchanger be 

optimized to improve low flow heat transfer rates to reduce the operating temperature of the 

thermoelectric plates. This improvement could be achieved by increasing the heat exchanger area, 

and by distributing the density of thermoelectric power. A recent study by Park et al. has shown 

promise in a thermoelectric shape-engineerable paint [80]. The integration of a similar material 

into a high area heat exchanger may show a significant improvement in performance. An 

improvement in the heat transfer coefficient would negatively affect the direct-coupled solar-side 

ISAHP system, as short-circuit losses would be greatly increased. Further system optimization, 

such as the discussed flow bypass, is recommended for the solar-side configuration. 

 From the analysis conducted in this study, it was shown that the thermoelectric modules 

lose efficiency when the temperature gradient across the plates is increased, and Fourier 

conduction losses begin to overwhelm the Seebeck effect. This makes the integration of 

thermoelectrics a challenge at the large temperature gradients required to boost low solar thermal 

collector temperatures up to the required domestic hot water temperatures. For this reason, with 

the recommended heat exchanger improvements, the ISAHP configuration would be preferred 

over the solar-side ISAHP, as temperature gradients are much smaller. The recommended bypass 

system was able to mitigate the effect of large temperature gradients to produce promising 

performance numbers. It is also suggested that research be conducted in areas where low 

temperature gradient heat pumps are used, such as in buffer tanks, or cold storage tanks. 



 

 

 

100 

Thermoelectrics could also be applied in preheat applications, or radiant floor systems where 

delivery temperatures are lower. 

All of the simulations conducted in this study utilized forced convection on both sides of 

the heat exchanger loop. Although use of natural convection was discussed in Chapters 1 and 2, 

the heat transfer rates through the heat exchanger were too low to allow for the adoption of this 

regime. With the suggested heat exchanger improvements, it is expected that the lower flow rates 

seen by a natural convection flow would no longer limit the performance of the thermoelectrics, 

which would allow for the elimination of one pump and the associated auxiliary energy usage. 

 The work conducted in this study did not factor in the cost of the panel area or that of the 

thermoelectrics and manufactured heat exchanger. It is recommended that a cost analysis be 

conducted on the entire system to further optimize the size of the collector area, as well as the 

number of modules required. The addition of a grid-powered controller would add further cost to 

the recommended systems. Current unit costs of the thermoelectric modules are high, prohibiting 

large-scale adoption of the devices. The unit cost for the modules, however, has been rapidly 

decreasing as the commercial demand for thermoelectrics increases. As market adoption 

increases, it is expected that the Figure of Merit values for the modules will also improve, making 

thermoelectrics in SDHW applications a more viable alternative to vapour-compression heat 

pumps. 
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Appendix A 

TRNSYS Sensitivity Analysis 

DHW systems are inherently complex and require the optimization of many independent 

variables. In this chapter, a parametric analysis is discussed that determined the effect of altering 

several of these variables from a base case, including but not limited to, simulation time step, 

storage tank volume, convergence criterion of the EES model, and the collector and DHW loop 

flowrates.  Simulation parameters were chosen to increase system performance and decrease total 

simulation time. It was determined that the optimized variable would be adopted if it provided no 

greater than a 2 % alteration in performance from the base case. 

The following section discusses the effect of parameter alteration on the proposed 

systems’ performance. Several of these parameters were adjusted from the base case for both 

systems, such as time step and number of storage tank nodes. The optimization of major system 

components, such as number of thermoelectric modules, is discussed in Chapter 5. 

 

Global Variables 

Accurate results depend first and foremost upon the size of time step that is chosen. Both 

the ISAHP and solar-side ISAHP systems were modeled with the same time step to ensure 

continuity. Both of the proposed systems were modeled for a decreasing time step, with a 2 % 

convergence criterion being chosen. Reducing the time step too far greatly increased simulation 

time while providing diminishing returns with respect to model accuracy. Figures A1 and A2 

show the analysis of the time step parameter with increasing PV/T collector area for the base 

case, as described in Chapter 3. 



 

 

 

108 

 

Fig. A 1: Time step analysis for the ISAHP system. 

 

Fig. A 2: Time step analysis for the solar-side ISAHP system. 
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stratified cylindrical storage tank was also analysed to determine the required precision of the 

heat and mass transfer equations. Again, the collector area was increased for a decreasing number 

of tank nodes for both systems, the results of which are shown in Figs. A3 and A4. 

 

Fig. A 3: Tank node analysis for the ISAHP system. 

 

Fig. A 4: Tank node analysis for the solar-side ISAHP system. 

0

5

10

15

20

25

30

35

0 1 2 3 4 5 6 7 8 9

So
la

r 
Fr

ac
ti

o
n

 [
%

]

Collector Area [m2]

10 Nodes

20 Nodes

30 Nodes

40 Nodes

50

55

60

65

70

75

80

85

90

95

100

2 4 6 8 10 12

So
la

r 
Fr

ac
ti

o
n

 [
%

]

Collector Area [m2]

10 Nodes

20 Nodes

30 Nodes

40 Nodes



 

 

 

110 

These results indicated that a storage tank with 20 nodes would provide sufficient 

modelling accuracy for the require simulations. Finally, the number of nodes required within the 

thermoelectric heat exchanger was analysed. The model developed in Chapter 3 allowed for each 

module within the heat exchanger to be discretized into its own node. This allowed the model to 

determine the operating performance of each module individually. The number of nodes in the 

heat exchanger was altered in EES, the results of which are shown in Table A1.   

Table A 1: Thermoelectric heat exchanger nodal analysis. 

Nodes COP QIN [W] QH [W] Hot-side Outlet 

Temp. [°𝑪] 

Simulation        

Time [s] 

1 1.521 1189 1809 27.21 0.06 

2 1.516 1192 1807 27.22 0.17 

4 1.514 1194 1807 27.23 0.54 

10 1.512 1195 1807 27.23 1.82 

20 1.511 1195 1806 27.23 9.66 

40  1.511 1195 1806 27.24 37.08 

It is apparent that altering the number of nodes does not significantly affect the modelling 

accuracy of the heat exchanger. This can be explained by the average plate temperatures seen 

across the heat exchanger, shown in Fig. A5. 
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Fig. A 5: Average hot-side plate temperature against nodal position in TEM heat exchanger. 

With 40 nodes, each module had a specific plate temperature, increasing linearly as heat 

was pumped into the passing fluid. When all of the modules were represented as a single node, it 

created an “effective” plate temperature that was very close to the average of the modules in the 

system.  

 

System Specific Variables 

With the time step and nodal accuracy for the simulations determined, other performance 

affecting variables could be examined. For both heat pump systems, these variables were altered 

by a fixed percentage and then compared to the base case. Figures A6-A8 show the percent 

variation in the annual solar fraction of the system when altering the size of the storage tank, the 

thermoelectric contact resistance, the collector slope, the electrical inverter efficiency, and the 

flow rates on both sides of the heat exchanger. 
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Fig. A 6: Tank size and contact resistance parametric for ISAHP system. 

 

Fig. A 7: Collector slope and inverter efficiency parametric for ISAHP system. 
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Fig. A 8: Flow rate parametric for the ISAHP system. 
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 Collector slope and inverter efficiency did not appear to significantly affect system 

performance. The greatest impact on the solar fraction of the system was achieved by increasing 

the flow rates for the two fluid loops. The heat transfer rate with the twisted-tape relationships 

depended heavily on having a large enough flow rate to maintain turbulence within the flow. The 

previously recommended 60 kg/hr flow rate proved to be far too low for thermoelectric 
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that a collector and mains water flow rate of 240 kg/hr would provide higher solar fractions. The 

flow rate for the mains loop however, was set to 180 kg/hr, as at the higher recommended flow 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

0% 50% 100% 150% 200% 250% 300% 350%

P
e

rc
e

n
ta

ge
 V

ar
ia

ti
o

n
 o

f 
So

la
r 

Fr
ac

ti
o

n
 f

ro
m

 B
as

e
 C

as
e

Percentage Variation of Parameter from Base Case

Collector Flow Rate

Mains Flow Rate



 

 

 

114 

rate, stratification of the cylindrical storage tank may fail, decreasing the modelling accuracy of 

the Type 534 thermal storage tank. 

 Few of the considered parameters showed large alterations from the base case. The high-

impact variables were also examined for the solar-side ISAHP, the results of which are shown in 

Figs. A9 and A10. In addition, the aquastat-controlled high temperature cutout value was assessed 

to determine the effect of depowering the thermoelectrics at various levels from the base case 

(50 °C).  

 

Fig. A 9: Tank size and high temperature cut-out parametric for the solar-side ISAHP system. 

-20.0%

-15.0%

-10.0%

-5.0%

0.0%

5.0%

10.0%

-100% -50% 0% 50% 100%

P
e

rc
e

n
ta

ge
 V

ar
ia

ti
o

n
 o

f 
So

la
r 

Fr
ac

ti
o

n
 f

ro
m

 B
as

e
 C

as
e

Percentage Variation of Parameter from Base Case

Tank Size

High Temp. Cutout



 

 

 

115 

 

Fig. A 10: Flow rate parametric for the solar-side ISAHP system. 

 From the analysis of the solar-side parametric runs, it can be seen that the high 

temperature cutout improved the solar fraction the most when set to 40 °C. This is due to the 

backflow of heat during thermoelectric operation and is discussed in further detail in Section 6.3. 

Additionally, it was found that a tank size of 210 L was found to be ideal for the solar-side 

configuration. Finally, it was shown that an increase in flow rate from the base case of 60 kg/hr 

reduced the solar fraction of the system, with the largest effect stemming from variations in the 

collector loop flow rate. Again, this is due to the increase in backflow of the system. A higher 

heat transfer coefficient allowed more heat to pass back across the high temperature gradient 

modules, especially when unpowered. All simulations and analyses of the solar-side system were 

conducted with a matched flow rate of 60 kg/hr on both sides of the loop.  
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Appendix B 

TRNSYS Configurations 

 

Fig. B 1: TRNSYS layout for the ISAHP system. 
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Fig. B 2:TRNSYS layout for the solar-side ISAHP system. 
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Fig. B 3: TRNSYS layout for the recommended solar-side ISAHP system with flow diverters. 
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TEM Heat Exchanger Pictures and Schematics 

 

Fig. B 4: Thermoelectric heat exchanger characterization apparatus. 
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Fig. B 5: Heat exchanger segments showing thermocouple placements at the center of the 310 

mm face, as well as at 20 mm and 60 mm from each end. 

 

 

Fig. B 6: Seven TEMs positioned on the heat exchanger segment without thermal interface 

material applied. 
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Appendix C 

Aluminum Block Apparatus Thermocouple Calibration 

 

Fig. C 1: Thermocouples calibrations for the characterization apparatus. 

The differential temperature error between the thermocouples was the most important 

source of error. Since the apparatus had not been altered in any way, if the thermocouple error 

could be reduced to initial values, the associated error would be the same as that determined by 

Preston. With the temperature bath providing an accuracy of ±0.001 °C, the individual 

thermocouple error was determined using Eq. C.1. 

𝜎𝑇𝐴 = ±√(𝐴 ∙ 𝜎𝑚𝐴)2 + (𝑚𝐴 ∙ 𝜎𝑇𝐴)2 + 𝜎𝑏𝐴
2 

𝜎𝑇𝐴 = ±√(25.422 ∙ 0.0004)2 + (0.9978 ∙ 0.001)2 + (0.0129)2  

𝜎𝑇𝐴 = ±0.016°𝐶 

(C.1) 
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 The maximum differential temperature error was therefore calculated to be ±0.018 °C. 

Using Eq. 3 and the root mean square method, the error in Seebeck coefficient was found using 

Eq. C.2. 

𝜎𝑆 = ±√(
𝑉𝑠

Δ𝑇2
𝜎Δ𝑇)

2

+ (
𝜎𝑉

Δ𝑇
)

2

 (C.2) 

The average error in the Seebeck coefficient was found to be ~4 %. This error was propagated to 

determine the average error in the electrical resistance and the thermal conductance which were 

found to be ~2 %, and ~3 %, respectively. 

Thermoelectric Heat Exchanger Flow Thermocouple Calibration 

 

Fig. C 2: Flow thermocouple calibrations for the hot side of the TEM heat exchanger. 
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Fig. C 3: Flow thermocouple calibrations for the cold side of the TEM heat exchanger. 

 The errors associated with the thermocouples embedded into the freestream flow were 

determined using a weighted linear regression, the results for the inlet and outlet thermocouples 

on each side of the heat exchanger are shown in Table C 1. 

Table C 1: Linear regressions for the inlet and outlet flow thermocouples in the TEM heat 

exchanger. 

 m 𝝈𝒎 b 𝝈𝒃 

𝑇𝐻𝑖𝑛  0.9954 0.0011 -0.9564 0.0249 

𝑇𝐻𝑜𝑢𝑡  0.9987 0.0003 -1.0179 0.0101 

𝑇𝐶𝑖𝑛  0.9990 0.0003 -1.2379 0.0089 

𝑇𝐶𝑜𝑢𝑡  0.9966 0.0002 -0.1231 0.0065 

The differential temperature measurement will be used in the calculation of the rates of 

heat transfer. The measurement error introduced by the temperature bath was determined to be ± 

0.01 °C. The thermocouple measurement is given by Eq. C.3. 
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𝑇𝐻,𝑖𝑛 = 𝑚𝑚𝑒𝑎𝑠 ∙ 𝑇𝑚𝑒𝑎𝑠 + 𝑏𝑚𝑒𝑎𝑠 (C.3) 

Therefore, the standard error in the thermocouples could be found using Eq. C.4.  

𝜎𝑇𝐻,𝑖𝑛 = ±√(𝑇𝑚𝑒𝑎𝑠 ∙ 𝜎𝑚𝑚𝑒𝑎𝑠)2 + (𝑚𝑚𝑒𝑎𝑠 ∙ 𝜎𝑇𝑚𝑒𝑎𝑠)2 + 𝜎𝑏𝑚𝑒𝑎𝑠
2  

𝜎𝑇𝐻,𝑖𝑛 = ±√(26.03 ∙ 0.001)2 + (0.9954 ∙ 0.01)2 + (0.025)2  

𝜎𝑇𝐻,𝑖𝑛 = ±0.037°𝐶 

(C.4) 

Given the operating temperatures for a hot side inlet at 24.954±0.037 °𝐶 and a hot outlet at 

34.988±0.019 °C, the differential measurement error can be found using Eq. C.5. 

𝜎Δ𝑇 = ±√𝜎𝑇𝐻,𝑖𝑛
2 + 𝜎𝑇𝐻,𝑜𝑢𝑡

2  

𝜎Δ𝑇 = ±0.041°𝐶 

(C.5) 

A characteristic differential temperature error was found for the heat exchanger to be ±0.04 °C. 

Current Shunt Calibrations 

 

 

Fig. C 4: Current shunt calibrations for the TEM heat exchanger. 
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The current shunts that were used were calibrated by using a calibrated Xantrex power 

supply to apply a known current, and the resultant voltage signal was measured. The error in the 

current was determined to be 0.01 A, and the error in the resistance was assumed to be ±5 %. The 

error in the measured voltage signal was determined using Eq. C.6. 

𝜎𝑉 = ±√(
𝜕𝑉

𝜕𝐼
𝜎𝐼)

2

+ (
𝜕𝑉

𝜕𝑅
𝜎𝑅)

2

 

𝜎𝑉 = ±√(0.0103 ∙ 0.01)2 + (2.50 ∙ 0.000514)2 

𝜎𝑣 = ±0.00129 𝑉 

(C.6) 

For a measured voltage signal of 0.0257 V, the error was determined to be ±0.00129 V, or ±5.05 

%. Additional error introduced by the weighted linear regression was assumed to be negligible. 

Flow Meter Calibration 

 

Fig. C 5: Flow meter calibration for the TEM heat exchanger. 
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The flow meter attached to the mains supply was calibrated by measuring the time 

required to fill a 2 L graduated cylinder. This value was then compared to the flow meter display 

to determine the standard error. The error in the recorded time was assumed to be 0.1 s, with a 5% 

error assumed for the density, and 0.5 % error from the graduated cylinder. The error was 

calculated using the root mean square method as shown in Eq. C.7. 

𝜎�̇� = ±√(
𝜕�̇�

𝜕𝑉
𝜎𝑉)

2

+ (
𝜕�̇�

𝜕𝜌
𝜎𝜌)

2

+ (
𝜕�̇�

𝜕𝑡
𝜎𝑡)

2

 

𝜎�̇� = ±√(
998

47.66
0.00001)

2

+ (
0.002

47.66
49.9)

2

+ (
0.002 ∙ 998

47.662
0.1)

2

 

𝜎�̇� = ±0.0021
𝑘𝑔

𝑠
 

(C.7) 

For a mass flow rate of 0.0418 kg/s the error was determined to be ±0.0021 kg/s, or ±5.02 %. 

With other measured flow rates being very similar to this value, an associated error for this device 

was determined to be ±5 %. The curve fit was conducted using a weighted linear regression and 

was found to add negligible additional error to the measurement. 

Thermoelectric Heat Exchanger Error 

For the tests conducted on the thermoelectric heat exchanger, the error in the heat transfer 

rates and COP were determined. Error in the rate of heat transfer to the fluid was found using the 

root mean square method, as shown in Eq. C.8. 

𝜎𝑄 =  ±√(
𝜕𝑄

𝜕�̇�
𝜎�̇�)

2

+ (
𝜕𝑄

𝜕𝑐𝑝
𝜎𝑐𝑝)

2

+ (
𝜕𝑄

𝜕Δ𝑇
σΔ𝑇)

2

 

𝜎𝑄 = ±4187.35 ∙ √(2.36 ∙ 0.00125)2 + (0.025 ∙ 0.041)2 

𝜎𝑄 = ±13.08𝑊 

(C.8) 
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The error in measurement for the heat transfer rates was found to vary between ±4.05 % and 

±5.65 % with the average being ±4.41 % for an average absolute value of 41.35 W for the range 

tested. 

 The COP error for the system was determined from the measurement error in the 

electrical readouts combined with that of the heat transfer rates. The error in the electrical input 

was found using Eq. C.9, and using a ±1 % error on the high tolerance resistors used in the 

voltage divider. 

𝜎𝑄,𝑖𝑛 = ±√(
𝜕𝑄𝑖𝑛

𝜕𝑉
𝜎𝑉)

2

+ (
𝜕𝑄𝑖𝑛

𝜕𝐼
𝜎𝐼)

2

 

𝜎𝑄,𝑖𝑛 = ±√(4.00 ∙ 1.509)2 + (150.9 ∙ 0.01)2 

𝜎𝑄,𝑖𝑛 = ±37.99𝑊 

(C.9) 

For the range of test conditions the error in electrical input varied from ±1.02 % to ±1.41 

%. Using Eq. C.10 the error in COP was found to range from ±4.18 % to ±5.82 %. 

𝜎𝐶𝑂𝑃 = ±√𝜎𝑄
2 + 𝜎𝑄,𝑖𝑛 

2  (C.10) 
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Appendix D 

Type 247 FORTRAN 90 Routine 

       Subroutine Type247 

 

! Object: Type247 

! Simulation Studio Model: Type247 

!  

 

! Author: Nicholas Cramp  

! Editor:  

! Date:  May 7, 2017 

! last modified: August 21, 2017 

! Edits:  

!  

! ***  

! *** Model Parameters  

! ***  

!   NumMods - [-Inf;+Inf] 

!   NumNode - [-Inf;+Inf] 

!   TEMperNode - [-Inf;+Inf] 

!   L_TEM - [-Inf;+Inf] 

!   Contact Resistance - [-Inf;+Inf] 

!   Rslope - [-Inf;+Inf] 

!   Rint - [-Inf;+Inf] 

!   Kslope - [-Inf;+Inf] 

!   Kint - [-Inf;+Inf] 

!   Sslope - [-Inf;+Inf] 

!   Sint - [-Inf;+Inf] 

!   cpH - [-Inf;+Inf] 

!   nuH - [-Inf;+Inf] 

!   alphaH - [-Inf;+Inf] 

!   condH - [-Inf;+Inf] 

!   rhoH - [-Inf;+Inf] 

!   cpC - [-Inf;+Inf] 

!   nuC - [-Inf;+Inf] 

!   alphaC - [-Inf;+Inf] 

!   condC - [-Inf;+Inf] 

!   rhoC - [-Inf;+Inf] 

 

! ***  

! *** Model Inputs  

! ***  

!   Control Signal - [-Inf;+Inf] 

!   TinH - [-Inf;+Inf] 

!   TinC - [-Inf;+Inf] 

!   mdH - [-Inf;+Inf] 

!   mdC - [-Inf;+Inf] 

!   Input Power - [-Inf;+Inf] 

 

! ***  

! *** Model Outputs  

! ***  
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!   COP - [-Inf;+Inf] 

!   QH - [-Inf;+Inf] 

!   QC - [-Inf;+Inf] 

!   Current - [-Inf;+Inf] 

!   ToH - [-Inf;+Inf] 

!   ToC - [-Inf;+Inf] 

!   mdH - [-Inf;+Inf] 

!   mdC - [-Inf;+Inf] 

!   Qelec - [-Inf;+Inf] 

 

! ***  

! *** Model Derivatives  

! ***  

 

! (Comments and routine interface generated by TRNSYS Studio) 

!************************************************************************ 

!----------------------------------------------------------------------------------------------------------------------- 

! This TRNSYS component skeleton was generated from the TRNSYS studio based on the user-supplied parameters, 

inputs,  

! outputs, and derivatives.  The user should check the component formulation carefully and add the content to transform 

! the parameters, inputs and derivatives into outputs.  Remember, outputs should be the average value over the timestep 

! and not the value at the end of the timestep; although in many models these are exactly the same values.  Refer to  

! existing types for examples of using advanced features inside the model (Formats, Labels etc.) 

!----------------------------------------------------------------------------------------------------------------------- 

      Use TrnsysConstants 

      Use TrnsysFunctions 

!----------------------------------------------------------------------------------------------------------------------- 

!DEC$Attributes DLLexport :: Type247 

!----------------------------------------------------------------------------------------------------------------------- 

!Trnsys Declarations 

      Implicit None 

      Double Precision Timestep,Time 

      Integer CurrentUnit,CurrentType 

 

!    PARAMETERS 

      INTEGER NumMods 

      INTEGER NumNode 

      INTEGER TEMperNode 

      DOUBLE PRECISION  L_TEM 

      DOUBLE PRECISION Contact_Resistance 

      DOUBLE PRECISION  Rslope 

      DOUBLE PRECISION  Rint 

      DOUBLE PRECISION  Kslope 

      DOUBLE PRECISION  Kint 

      DOUBLE PRECISION  Sslope 

      DOUBLE PRECISION  Sint 

      DOUBLE PRECISION  cpH 

      DOUBLE PRECISION nuH 

      DOUBLE PRECISION alphaH 

      DOUBLE PRECISION  condH 

      DOUBLE PRECISION  rhoH 

      DOUBLE PRECISION  cpC 

      DOUBLE PRECISION nuC 

      DOUBLE PRECISION alphaC 

      DOUBLE PRECISION  condC 

      DOUBLE PRECISION  rhoC 

 

!    INPUTS 

      INTEGER Control_Signal 
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      DOUBLE PRECISION TinH 

      DOUBLE PRECISION TinC 

      DOUBLE PRECISION mdH 

      DOUBLE PRECISION mdC 

      DOUBLE PRECISION Input_Power 

 

C INTERNAL VARIABLES 

      DOUBLE PRECISION mdHsi 

      DOUBLE PRECISION mdCsi 

      DOUBLE PRECISION Voltage_HX 

      DOUBLE PRECISION Voltage_HXStore 

      DOUBLE PRECISION L_HX 

      DOUBLE PRECISION D_pipe 

      DOUBLE PRECISION A_HX 

      DOUBLE PRECISION Y 

      DOUBLE PRECISION A_node 

      DOUBLE PRECISION Voltage_Check 

      DOUBLE PRECISION h 

      DOUBLE PRECISION I_tem,I_temstore 

      DOUBLE PRECISION j,p,q 

      DOUBLE PRECISION counter 

      DOUBLE PRECISION QH 

      DOUBLE PRECISION QC 

      DOUBLE PRECISION TpH 

      DOUBLE PRECISION TpC 

      DOUBLE PRECISION ToH 

      DOUBLE PRECISION ToC 

      DOUBLE PRECISION THS 

      DOUBLE PRECISION i 

      DOUBLE PRECISION QHStore 

      DOUBLE PRECISION QCStore 

      DOUBLE PRECISION TCS 

      DOUBLE PRECISION Pr_1 

      DOUBLE PRECISION Pr_2 

      DOUBLE PRECISION Uinf_1 

      DOUBLE PRECISION Uinf_2 

      DOUBLE PRECISION ReD_1 

      DOUBLE PRECISION ReD_2 

      DOUBLE PRECISION h_1 

      DOUBLE PRECISION h_2 

      DOUBLE PRECISION Nus_1 

      DOUBLE PRECISION Nus_2 

      DOUBLE PRECISION Thk 

      DOUBLE PRECISION TcK 

      DOUBLE PRECISION Tmean 

      DOUBLE PRECISION Smod 

      DOUBLE PRECISION Rmod 

      DOUBLE PRECISION Kmod 

      DOUBLE PRECISION Voltage 

      DOUBLE PRECISION Qinput 

      DOUBLE PRECISION COP 

      DOUBLE PRECISION Voltage_Total 

      DOUBLE PRECISION L_al 

      DOUBLE PRECISION k_al1 

      DOUBLE PRECISION k_al2 

      DOUBLE PRECISION QH_Total 

      DOUBLE PRECISION QC_Total 

      DOUBLE PRECISION Qinput_Total 

      DOUBLE PRECISION dTh 
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      DOUBLE PRECISION dTc 

      DOUBLE PRECISION TaveH 

      DOUBLE PRECISION TaveC 

      DOUBLE PRECISION R_cont 

      DOUBLE PRECISION R_cond1 

      DOUBLE PRECISION R_cond2 

      DOUBLE PRECISION R_conv1 

      DOUBLE PRECISION R_conv2 

      DOUBLE PRECISION QH_HX 

      DOUBLE PRECISION QC_HX 

      DOUBLE PRECISION Qin_HX 

      DOUBLE PRECISION COP_HX 

      DOUBLE PRECISION Current 

      DOUBLE PRECISION Qelec 

      DOUBLE PRECISION TinH_global 

      DOUBLE PRECISION TinC_global 

 

 DOUBLE PRECISION,DIMENSION(100) :: TempH,TempC,COP_array, 

     & Voltage_array,TpC_array,QH_Total_array,QC_Total_array, 

     & Qinput_Total_array,Voltage_Total_array,TpH_array 

 INTEGER, DIMENSION(200) :: Check 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!Get the Global Trnsys Simulation Variables 

      Time=getSimulationTime() 

      Timestep=getSimulationTimeStep() 

      CurrentUnit = getCurrentUnit() 

      CurrentType = getCurrentType() 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!Set the Version Number for This Type 

      If(getIsVersionSigningTime()) Then 

  Call SetTypeVersion(17) 

  Return 

      EndIf 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!Do Any Last Call Manipulations Here 

      If(getIsLastCallofSimulation()) Then 

  Return 

      EndIf 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!Perform Any "After Convergence" Manipulations That May Be Required at the End of Each Timestep 

      If(getIsConvergenceReached()) Then 

  Return 

      EndIf 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!Do All of the "Very First Call of the Simulation Manipulations" Here 

      If(getIsFirstCallofSimulation()) Then 

 

  !Tell the TRNSYS Engine How This Type Works 

  Call SetNumberofParameters(21)           !The number of parameters that the the model wants 

  Call SetNumberofInputs(6)                   !The number of inputs that the the model wants 

  Call SetNumberofDerivatives(0)         !The number of derivatives that the the model wants 

  Call SetNumberofOutputs(9)                 !The number of outputs that the the model produces 

  Call SetIterationMode(1)                             !An indicator for the iteration mode (default=1).  Refer 

to section 8.4.3.5 of the documentation for more details. 
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  Call SetNumberStoredVariables(0,0)                   !The number of static variables that the model 

wants stored in the global storage array and the number of dynamic variables that the model wants stored in the global 

storage array 

  Call SetNumberofDiscreteControls(0)               !The number of discrete control functions set by this 

model (a value greater than zero requires the user to use Solver 1: Powell's method) 

 

  Return 

 

      EndIf 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!Do All of the First Timestep Manipulations Here - There Are No Iterations at the Intial Time 

      If (getIsFirstTimestep()) Then 

      NumMods = getParameterValue(1) 

      NumNode = getParameterValue(2) 

      TEMperNode = getParameterValue(3) 

      L_TEM = getParameterValue(4) 

      Contact_Resistance = getParameterValue(5) 

      Rslope = getParameterValue(6) 

      Rint = getParameterValue(7) 

      Kslope = getParameterValue(8) 

      Kint = getParameterValue(9) 

      Sslope = getParameterValue(10) 

      Sint = getParameterValue(11) 

      cpH = getParameterValue(12) 

      nuH = getParameterValue(13) 

      alphaH = getParameterValue(14) 

      condH = getParameterValue(15) 

      rhoH = getParameterValue(16) 

      cpC = getParameterValue(17) 

      nuC = getParameterValue(18) 

      alphaC = getParameterValue(19) 

      condC = getParameterValue(20) 

      rhoC = getParameterValue(21) 

 

      Control_Signal = GetInputValue(1) 

      TinH = GetInputValue(2) 

      TinC = GetInputValue(3) 

      mdH = GetInputValue(4) 

      mdC = GetInputValue(5) 

      Input_Power = GetInputValue(6) 

 

   !Check the Parameters for Problems (#,ErrorType,Text) 

   !Sample Code: If( PAR1 <= 0.) Call FoundBadParameter(1,'Fatal','The first parameter provided to this model is not 

acceptable.') 

 

   !Set the Initial Values of the Outputs (#,Value) 

  Call SetOutputValue(1, 0) ! COP 

  Call SetOutputValue(2, 0) ! QH 

  Call SetOutputValue(3, 0) ! QC 

  Call SetOutputValue(4, 0) ! Current 

  Call SetOutputValue(5, TinH) ! ToH 

  Call SetOutputValue(6, TinC) ! ToC 

  Call SetOutputValue(7, mdH) ! mdH 

  Call SetOutputValue(8, mdC) ! mdC 

  Call SetOutputValue(9, 0) ! Qelec 

 

   !If Needed, Set the Initial Values of the Static Storage Variables (#,Value) 

   !Sample Code: SetStaticArrayValue(1,0.d0) 
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   !If Needed, Set the Initial Values of the Dynamic Storage Variables (#,Value) 

   !Sample Code: Call SetDynamicArrayValueThisIteration(1,20.d0) 

 

   !If Needed, Set the Initial Values of the Discrete Controllers (#,Value) 

   !Sample Code for Controller 1 Set to Off: Call SetDesiredDiscreteControlState(1,0)  

 

  Return 

 

      EndIf 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!ReRead the Parameters if Another Unit of This Type Has Been Called Last 

      If(getIsReReadParameters()) Then 

  !Read in the Values of the Parameters from the Input File 

      NumMods = getParameterValue(1) 

      NumNode = getParameterValue(2) 

      TEMperNode = getParameterValue(3) 

      L_TEM = getParameterValue(4) 

      Contact_Resistance = getParameterValue(5) 

      Rslope = getParameterValue(6) 

      Rint = getParameterValue(7) 

      Kslope = getParameterValue(8) 

      Kint = getParameterValue(9) 

      Sslope = getParameterValue(10) 

      Sint = getParameterValue(11) 

      cpH = getParameterValue(12) 

      nuH = getParameterValue(13) 

      alphaH = getParameterValue(14) 

      condH = getParameterValue(15) 

      rhoH = getParameterValue(16) 

      cpC = getParameterValue(17) 

      nuC = getParameterValue(18) 

      alphaC = getParameterValue(19) 

      condC = getParameterValue(20) 

      rhoC = getParameterValue(21) 

   

      EndIf 

!----------------------------------------------------------------------------------------------------------------------- 

 

!Read the Inputs 

      Control_Signal = GetInputValue(1) 

      TinH = GetInputValue(2) 

      TinC = GetInputValue(3) 

      mdH = GetInputValue(4) 

      mdC = GetInputValue(5) 

      Input_Power = GetInputValue(6)   

 

 !Check the Inputs for Problems (#,ErrorType,Text) 

 !Sample Code: If( IN1 <= 0.) Call FoundBadInput(1,'Fatal','The first input provided to this model is not 

acceptable.') 

  

      If(ErrorFound()) Return 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!    *** PERFORM ALL THE CALCULATION HERE FOR THIS MODEL. *** 

!----------------------------------------------------------------------------------------------------------------------- 
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!   ******* THIS CODE ONLY WORKS FOR A SINGLE NODE. GOOD FOR MODELLING SPEED, BUT WON'T 

EXPORT FINE DETAIL********* 

300 If (Input_Power<=0.1) Then 

  Input_Power = 0.1 

 EndIf 

 If (Control_Signal == 0) Then 

 go to 100 

 EndIf 

 

 If (mdH<=0) Then 

 go to 150 

 Endif 

  

 If (mdC<=0) Then 

 go to 150 

 Endif 

 

 mdHsi = mdH/3600.0 

 mdCsi = mdC/3600.0 

 

 TinH_global = TinH 

 TinC_global = TinC 

 

 Voltage_Check = sqrt(Input_Power*(1.9*NumMods)) 

 Voltage_HXStore = Voltage_Check + 10.0  

  

 L_HX = NumMods*L_TEM 

 D_pipe = 0.0127  

 A_HX = 3.14159*D_pipe*L_HX 

 y = 3.0  

 A_node=A_HX/NumNode 

 I_tem = Input_Power/Voltage_Check 

  

 p=0 

! Loop through solver for a single current, then re-evaluate and pass in new current 

 Do WHILE (ABS(Voltage_Check-Voltage_HXStore)>0.05) 

 p=p+1 

 I_temstore = I_tem 

 I_tem= Input_Power/Voltage_Check 

 I_tem= (I_tem+I_temstore)/2 

 Voltage_HXStore = Voltage_Check 

 

 If (I_tem<=0.01) Then 

  I_tem = 0.01 

 EndIf 

 

 h=0 

! Create initial temperature arrays 

 Do While (h<=(NumNode+1)) 

  h = h+1  

  TempH(h) = TinH_global + (h-1)*0.1 

  TempC(NumNode+2-h) = TinC_global - (h-1)*0.1 

 EndDo 

 

! At small currents/temp changes loop can bounce bewteen very small current changes. This force exits to one 

of the values 

 If (p>=1000) Then 

 Go to 200 

 EndIf 
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 j=0 

! This loop iterates around the nodes. Usually converges in 8 passes, so set to 20 

! Could be made to run ABS(TinC(i)-TinC(1+)).. See EES routines in thesis folder 

  DO WHILE (j<=20) 

  

  j=j+1 

  i=0 

  If (p>=1000) Then 

   Go to 200 

  EndIf 

!  This loop loops around the nodes a single time to set all of the inlet/outlet conditions 

!  Since each new outlet temperature becomes another node's inlet, the previous loop is needed 

!   to iterate around the nodes multiple times to converge all array temperatures 

   DO WHILE (i<NumNode) 

   i = i+1 

   TinH = TempH(i) 

   TinC = TempC(i+1) 

 

   QH=1.0 

   QC=-1.0 

   TpH=TinH 

   TpC=TinC 

   ToH=TinH+1.0 

   ToC=TinC-1.0 

   QHStore=QH 

   THS=TpH+1.0 

   TCS=TpC-1.0 

   If (p>=1000) Then 

    Go to 200 

   EndIf 

   q=0 

 

! This loop iterates for a single node, passing the QH/QC and TpH/TpC values back and forth until converged 

 

    DO WHILE (ABS(TpH-THS)>0.01) 

    q = q+1 

 

    QCStore=QC 

    THS=TpH 

    TCS=TpC 

  

    Pr_1 = nuH/alphaH  

    uinf_1 = mdHsi/(rhoH*3.14159*D_pipe**2.0*0.25)  

    ReD_1 = uinf_1*D_pipe/nuH 

    

    Pr_2 = nuC/alphaC  

    uinf_2 = mdCsi/(rhoC*3.14159*D_pipe**2*0.25)  

    ReD_2 = uinf_2 *D_pipe/nuC  

    

    Nus_1=((Pr_1**(0.3333333))*(1+(1/y))**2.0) 

     &   *10**(0.974-0.783*LOG10(ReD_1)+ 

     &   0.35*(LOG10(ReD_1))**2.0     

     &   -0.0273*(LOG10(ReD_1))**3.0) 

    h_1 = (condH/D_pipe) * Nus_1 

    

    Nus_2=((Pr_2**(0.3333333))*(1+(1/y))**2.0) 

     &   *10**(0.974-0.783*LOG10(ReD_2)+ 

     &   0.35*(LOG10(ReD_2))**2.0     

     &   -0.0273*(LOG10(ReD_2))**3.0) 
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    h_2 = (condC/D_pipe) * Nus_2 

    

    ThK = TpH+273.0 

    TcK = TpC+273.0  

     

    Tmean = (TpH+TpC)/2.0 

    

    Smod = Sslope*Tmean + Sint 

    Rmod = Rslope*Tmean + Rint 

    Kmod = Kslope*Tmean + Kint 

     

    QH=I_tem*Smod*ThK+((I_tem**2.0)*Rmod)/2.0- 

     &   Kmod*(ThK-TcK) 

 

    QH = 0.9*QH + 0.1*QHStore 

 

    Voltage =(Smod*(TpH-TpC) +  I_tem*Rmod) 

    Qinput = (Voltage*I_tem) 

     

    QC = -(QH-Qinput) 

     

    COP = QH/Qinput 

 

    Voltage_Total = Voltage*TEMperNode 

 

    QHStore = QH 

     

    L_al = 0.01185  

    k_al1=236.3 

    k_al2=234.5 

    

    QH_Total=QH*TEMperNode 

    QC_Total=QC*TEMperNode 

    Qinput_Total=Qinput*TEMperNode 

 

    dTH = (QH_Total)/(mdHsi*cpH) 

    dTC = (QC_Total)/(mdCsi*cpC) 

     

    ToH=TinH+dTH 

    ToC=TinC+dTC 

     

    TaveH= (ToH+TinH)/2.0 

    TaveC= (ToC+TinC)/2.0 

     

    R_cont = Contact_Resistance/(((L_TEM)**2.0)*TEMperNode) 

    R_conv1 = 1.0/(h_1*A_HX)  

    R_conv2 = 1.0/(h_2*A_HX)  

    R_cond1 = L_al/(k_al1*(((L_TEM)**2.0)*TEMperNode))  

    R_cond2 = L_al/(k_al2*(((L_TEM)**2.0)*TEMperNode))  

 

     

    TpH=(QH_Total*(R_cont+(0.5*R_conv1)))+(QH_Total* 

     &   (R_cont+(0.5*R_conv1)+R_cond1))  + TaveH 

         TpC=(QC_Total*(R_cont+(0.5*R_conv2)))+(QC_Total* 

     &   (R_cont+(0.5*R_conv2)+R_cond2))  + TaveC 

    p = p+1 

 

    TpH = 0.8*TpH + 0.2*THS 

    TpC = 0.8*TpC + 0.2*TCS  
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    If (TpH>=200) Then 

     TpH = TpC 

    EndIf 

    If (TpH<=-200) Then 

     TpC = TpH 

    EndIf   

 

    EndDo 

   TempC(i) = ToC 

   TempH(i+1)= ToH 

   COP_array(i) = COP 

   TpH_array(i) = TpH 

   TpC_array(i) = TpC 

   QH_Total_array(i) = QH_Total 

   QC_Total_array(i) = QC_Total 

   Qinput_Total_array(i) = Qinput_Total 

   Voltage_Total_array(i) = Voltage_Total 

 

   EndDo 

 

  EndDo 

 Voltage_Check = sum(Voltage_Total_array) 

 

 EndDo 

 

200 QH_HX = sum(QH_Total_array) 

 QC_HX = sum(QC_Total_array) 

 Qin_HX = sum(Qinput_Total_array) 

 Voltage_HX = sum(Voltage_Total_array) 

 COP_HX = QH_HX/Qin_HX 

 

 

 COP = COP_HX 

 QH = QH_HX 

 QC = QC_HX 

 Current = I_tem 

 ToH = TempH(i+1) 

 ToC = TempC(1) 

 mdH = mdHsi*3600.0 

 mdC = mdCsi*3600.0 

 Qelec = 0 

  

! Some float handling causes infinite output. If that happens, reset iteration 

 If (ToH>=1000) Then 

  TinH = TinH_global + 0.001 

  go to 300 

 ElseIf (ToH<=-100) Then 

  TinH = TinH_global + 0.001 

  go to 300 

 EndIf 

 

 100 If (Control_Signal == 0) Then 

 150  QH = 0 

  QC = 0 

  COP = 0 

  ToH = TinH 

  ToC = TinC 

  mdH=0  
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  mdC=0 

  Current = 0 

  Qelec = Input_Power 

 EndIf 

 

!---------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!Set the Outputs from this Model (#,Value) 

  Call SetOutputValue(1, COP) ! COP 

  Call SetOutputValue(2, QH) ! QH 

  Call SetOutputValue(3, QC) ! QC 

  Call SetOutputValue(4, Current) ! Current 

  Call SetOutputValue(5, ToH) ! ToH 

  Call SetOutputValue(6, ToC) ! ToC 

  Call SetOutputValue(7, mdH) ! mdH 

  Call SetOutputValue(8, mdC) ! mdC 

  Call SetOutputValue(9, Qelec) ! Qelec 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!If Needed, Store the Desired Disceret Control Signal Values for this Iteration (#,State) 

!Sample Code:  Call SetDesiredDiscreteControlState(1,1) 

!----------------------------------------------------------------------------------------------------------------------- 

!----------------------------------------------------------------------------------------------------------------------- 

!If Needed, Store the Final value of the Dynamic Variables in the Global Storage Array (#,Value) 

!Sample Code:   

!----------------------------------------------------------------------------------------------------------------------- 

      Return 

      End 

!----------------------------------------------------------------------------------------------------------------------- 

- 
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Appendix E 

TRNSYS .DCK FILE 

 The following script was taken from the deck (.dck) file for the recommended bypass 

solar-side ISAHP thermoelectric system. This file contains all components used along with their 

respective connections and parameters. 

VERSION 17 

***********************************************************************

******** 

*** TRNSYS input file (deck) generated by TrnsysStudio 

*** on Tuesday, October 24, 2017 at 20:09 

*** from TrnsysStudio project: 

C:\Users\Nick\OneDrive\Documents\Thesis\TRNSYS\TRNSYS 

Sims\SSISAHP\Diverter_Final.tpf 

***  

*** If you edit this file, use the File/Import TRNSYS Input File 

function in  

*** TrnsysStudio to update the project.  

***  

*** If you have problems, questions or suggestions please contact your 

local  

*** TRNSYS distributor or mailto:software@cstb.fr  

***  

***********************************************************************

******** 

 

 

***********************************************************************

******** 

*** Units  

***********************************************************************

******** 

 

***********************************************************************

******** 

*** Control cards 

***********************************************************************

******** 

* START, STOP and STEP 

CONSTANTS 3 

START=0 

STOP=8760 

STEP=0.049999999 

SIMULATION   START  STOP  STEP ! Start time End time Time 

step 

TOLERANCES 0.01 0.01   ! Integration  Convergence 
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LIMITS 30 15000 1000    ! Max iterations Max 

warnings Trace limit 

DFQ 1     ! TRNSYS numerical integration solver 

method 

WIDTH 80    ! TRNSYS output file width, number of 

characters 

LIST      ! NOLIST statement 

     ! MAP statement 

SOLVER 0 1 1    ! Solver statement Minimum 

relaxation factor Maximum relaxation factor 

NAN_CHECK 0    ! Nan DEBUG statement 

OVERWRITE_CHECK 0   ! Overwrite DEBUG statement 

TIME_REPORT 0   ! disable time report 

EQSOLVER 2    ! EQUATION SOLVER statement 

* User defined CONSTANTS  

 

 

* Model "Main Tank" (Type 534) 

*  

 

UNIT 3 TYPE 534  Main Tank 

*$UNIT_NAME Main Tank 

*$MODEL .\Storage Tank Library (TESS)\Cylindrical Storage Tank\Vertical 

Cylinder\Version without Plug-In\No HXs\Type534-NoHX.tmf 

*$POSITION 814 426 

*$LAYER Main #  

*$# CYLINDRICAL STORAGE TANK 

PARAMETERS 62 

-1  ! 1 LU for data file 

20  ! 2 Number of tank nodes 

2  ! 3 Number of ports 

0  ! 4 Number of immersed heat exchangers 

0  ! 5 Number of miscellaneous heat flows 

TankSize  ! 6 Tank volume 

1.5  ! 7 Tank height 

0  ! 8 Tank fluid 

4.19  ! 9 Fluid specific heat 

1000  ! 10 Fluid density 

2.14  ! 11 Fluid thermal conductivity 

3.21  ! 12 Fluid viscosity 

0.00026  ! 13 Fluid thermal expansion coefficient 

5.0  ! 14 Top loss coefficient 

5.0  ! 15 Edge loss coefficient for node-1 

5.0  ! 16 Edge loss coefficient for node-2 

5.0  ! 17 Edge loss coefficient for node-3 

5.0  ! 18 Edge loss coefficient for node-4 

5.0  ! 19 Edge loss coefficient for node-5 

5.0  ! 20 Edge loss coefficient for node-6 

5.0  ! 21 Edge loss coefficient for node-7 

5.0  ! 22 Edge loss coefficient for node-8 

5.0  ! 23 Edge loss coefficient for node-9 

5.0  ! 24 Edge loss coefficient for node-10 

5.0  ! 25 Edge loss coefficient for node-11 

5.0  ! 26 Edge loss coefficient for node-12 
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5.0  ! 27 Edge loss coefficient for node-13 

5.0  ! 28 Edge loss coefficient for node-14 

5.0  ! 29 Edge loss coefficient for node-15 

5.0  ! 30 Edge loss coefficient for node-16 

5.0  ! 31 Edge loss coefficient for node-17 

5.0  ! 32 Edge loss coefficient for node-18 

5.0  ! 33 Edge loss coefficient for node-19 

5.0  ! 34 Edge loss coefficient for node-20 

5.0  ! 35 Bottom loss coefficient 

0  ! 36 Additional thermal conductivity 

1  ! 37 Inlet flow mode-1 

20  ! 38 Entry node-1 

1  ! 39 Exit node-1 

1  ! 40 Inlet flow mode-2 

6  ! 41 Entry node-2 

20  ! 42 Exit node-2 

0  ! 43 Flue loss coefficient for node-1 

0  ! 44 Flue loss coefficient for node-2 

0  ! 45 Flue loss coefficient for node-3 

0  ! 46 Flue loss coefficient for node-4 

0  ! 47 Flue loss coefficient for node-5 

0  ! 48 Flue loss coefficient for node-6 

0  ! 49 Flue loss coefficient for node-7 

0  ! 50 Flue loss coefficient for node-8 

0  ! 51 Flue loss coefficient for node-9 

0  ! 52 Flue loss coefficient for node-10 

0  ! 53 Flue loss coefficient for node-11 

0  ! 54 Flue loss coefficient for node-12 

0  ! 55 Flue loss coefficient for node-13 

0  ! 56 Flue loss coefficient for node-14 

0  ! 57 Flue loss coefficient for node-15 

0  ! 58 Flue loss coefficient for node-16 

0  ! 59 Flue loss coefficient for node-17 

0  ! 60 Flue loss coefficient for node-18 

0  ! 61 Flue loss coefficient for node-19 

0  ! 62 Flue loss coefficient for node-20 

INPUTS 48 

34,5   ! Type15-6:Mains water temperature ->Inlet temperature for 

port-1 

35,2   ! Mixer:FLHOT ->Inlet flow rate for port-1 

39,3   ! Type91:Load side outlet temperature ->Inlet temperature 

for port-2 

39,4   ! Type91:Load side flow rate ->Inlet flow rate for port-2 

0,0  ! [unconnected] Top loss temperature 

0,0  ! [unconnected] Edge loss temperature for node-1 

0,0  ! [unconnected] Edge loss temperature for node-2 

0,0  ! [unconnected] Edge loss temperature for node-3 

0,0  ! [unconnected] Edge loss temperature for node-4 

0,0  ! [unconnected] Edge loss temperature for node-5 

0,0  ! [unconnected] Edge loss temperature for node-6 

0,0  ! [unconnected] Edge loss temperature for node-7 

0,0  ! [unconnected] Edge loss temperature for node-8 

0,0  ! [unconnected] Edge loss temperature for node-9 

0,0  ! [unconnected] Edge loss temperature for node-10 
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0,0  ! [unconnected] Edge loss temperature for node-11 

0,0  ! [unconnected] Edge loss temperature for node-12 

0,0  ! [unconnected] Edge loss temperature for node-13 

0,0  ! [unconnected] Edge loss temperature for node-14 

0,0  ! [unconnected] Edge loss temperature for node-15 

0,0  ! [unconnected] Edge loss temperature for node-16 

0,0  ! [unconnected] Edge loss temperature for node-17 

0,0  ! [unconnected] Edge loss temperature for node-18 

0,0  ! [unconnected] Edge loss temperature for node-19 

0,0  ! [unconnected] Edge loss temperature for node-20 

0,0  ! [unconnected] Bottom loss temperature 

0,0  ! [unconnected] Gas flue temperature 

0,0  ! [unconnected] Inversion mixing flow rate 

0,0  ! [unconnected] Auxiliary heat input for node-1 

0,0  ! [unconnected] Auxiliary heat input for node-2 

0,0  ! [unconnected] Auxiliary heat input for node-3 

0,0  ! [unconnected] Auxiliary heat input for node-4 

aux  ! Aux heat capacity:aux ->Auxiliary heat input for node-5 

0,0  ! [unconnected] Auxiliary heat input for node-6 

0,0  ! [unconnected] Auxiliary heat input for node-7 

0,0  ! [unconnected] Auxiliary heat input for node-8 

0,0  ! [unconnected] Auxiliary heat input for node-9 

0,0  ! [unconnected] Auxiliary heat input for node-10 

0,0  ! [unconnected] Auxiliary heat input for node-11 

0,0  ! [unconnected] Auxiliary heat input for node-12 

0,0  ! [unconnected] Auxiliary heat input for node-13 

0,0  ! [unconnected] Auxiliary heat input for node-14 

0,0  ! [unconnected] Auxiliary heat input for node-15 

0,0  ! [unconnected] Auxiliary heat input for node-16 

0,0  ! [unconnected] Auxiliary heat input for node-17 

0,0  ! [unconnected] Auxiliary heat input for node-18 

0,0  ! [unconnected] Auxiliary heat input for node-19 

0,0  ! [unconnected] Auxiliary heat input for node-20 

*** INITIAL INPUT VALUES 

20.0 0.0 20.0 0.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 

20.0 20.0 

20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 -100 0.0 0.0 0.0 

0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  

DERIVATIVES 20 

20  ! 1 Initial Tank Temperature-1 

20  ! 2 Initial Tank Temperature-2 

20  ! 3 Initial Tank Temperature-3 

20  ! 4 Initial Tank Temperature-4 

20  ! 5 Initial Tank Temperature-5 

20  ! 6 Initial Tank Temperature-6 

20  ! 7 Initial Tank Temperature-7 

20  ! 8 Initial Tank Temperature-8 

20  ! 9 Initial Tank Temperature-9 

20  ! 10 Initial Tank Temperature-10 

20  ! 11 Initial Tank Temperature-11 

20  ! 12 Initial Tank Temperature-12 

20  ! 13 Initial Tank Temperature-13 

20  ! 14 Initial Tank Temperature-14 
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20  ! 15 Initial Tank Temperature-15 

20  ! 16 Initial Tank Temperature-16 

20  ! 17 Initial Tank Temperature-17 

20  ! 18 Initial Tank Temperature-18 

20  ! 19 Initial Tank Temperature-19 

20  ! 20 Initial Tank Temperature-20 

*----------------------------------------------------------------------

-------- 

 

* Model "Type3d" (Type 3) 

*  

 

UNIT 4 TYPE 3  Type3d 

*$UNIT_NAME Type3d 

*$MODEL .\Hydronics\Pumps\Single Speed\Type3d.tmf 

*$POSITION 674 442 

*$LAYER Main #  

PARAMETERS 4 

mdTank  ! 1 Maximum flow rate 

4.190  ! 2 Fluid specific heat 

60  ! 3 Maximum power 

0.05  ! 4 Conversion coefficient 

INPUTS 3 

3,3   ! Main Tank:Temperature at outlet-2 ->Inlet fluid 

temperature 

3,4   ! Main Tank:Flow rate at outlet-2 ->Inlet mass flow rate 

23,1   ! Type2b:Output control function ->Control signal 

*** INITIAL INPUT VALUES 

20.0 mdTank 1.0  

*----------------------------------------------------------------------

-------- 

 

* Model "Motor 2" (Type 3) 

*  

 

UNIT 6 TYPE 3  Motor 2 

*$UNIT_NAME Motor 2 

*$MODEL .\Hydronics\Pumps\Single Speed\Type3d.tmf 

*$POSITION 325 495 

*$LAYER Main #  

PARAMETERS 4 

mdCollector  ! 1 Maximum flow rate 

3.56  ! 2 Fluid specific heat 

60  ! 3 Maximum power 

0.05  ! 4 Conversion coefficient 

INPUTS 3 

54,1   ! Type11h-2:Outlet temperature ->Inlet fluid temperature 

54,2   ! Type11h-2:Outlet flow rate ->Inlet mass flow rate 

23,1   ! Type2b:Output control function ->Control signal 

*** INITIAL INPUT VALUES 

20.0 mdCollector 1.0  

*----------------------------------------------------------------------

-------- 
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* EQUATIONS "Aux heat capacity" 

*  

EQUATIONS 1 

aux = [19,1]*13000 

*$UNIT_NAME Aux heat capacity 

*$LAYER Main 

*$POSITION 686 645 

 

*----------------------------------------------------------------------

-------- 

 

 

* Model "Tank Conditions" (Type 65) 

*  

 

UNIT 17 TYPE 65  Tank Conditions 

*$UNIT_NAME Tank Conditions 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 1032 186 

*$LAYER Outputs #  

PARAMETERS 12 

6  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

100  ! 4 Left axis maximum 

0.0  ! 5 Right axis minimum 

1000.0  ! 6 Right axis maximum 

1  ! 7 Number of plots per simulation 

12  ! 8 X-axis gridpoints 

0  ! 9 Shut off Online w/o removing 

-1  ! 10 Logical unit for output file 

0  ! 11 Output file units 

0  ! 12 Output file delimiter 

INPUTS 8 

3,18   ! Main Tank:Tank nodal temperature-1 ->Left axis variable-1 

3,22   ! Main Tank:Tank nodal temperature-5 ->Left axis variable-2 

3,27   ! Main Tank:Tank nodal temperature-10 ->Left axis variable-

3 

3,32   ! Main Tank:Tank nodal temperature-15 ->Left axis variable-

4 

3,37   ! Main Tank:Tank nodal temperature-20 ->Left axis variable-

5 

26,1   ! Type50d:Outlet fluid temperature ->Left axis variable-6 

aux  ! Aux heat capacity:aux ->Right axis variable-1 

0,0  ! [unconnected] Right axis variable-2 

*** INITIAL INPUT VALUES 

1 5 10 15 20 Collector Out Required Rate  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Graph 1" 

*----------------------------------------------------------------------

-------- 
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* Model "Type2-AquastatH" (Type 2) 

*  

 

UNIT 19 TYPE 2  Type2-AquastatH 

*$UNIT_NAME Type2-AquastatH 

*$MODEL .\Controllers\Aquastat\Heating Mode\Type2-AquastatH.tmf 

*$POSITION 832 660 

*$LAYER Main #  

*$# NOTE: This controller can only be used with solver 0 (Successive 

substitution) 

*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

80  ! 2 Safety limit temperature 

INPUTS 6 

0,0  ! [unconnected] Setpoint temperature 

3,1   ! Main Tank:Temperature at outlet-1 ->Temperature to watch 

0,0  ! [unconnected] High limit monitoring temperature 

19,1   ! Type2-AquastatH:Output control function ->Input control 

function-->Connect from output control signal 

0,0  ! [unconnected] Turn on temperature difference 

0,0  ! [unconnected] Turn off temperature difference 

*** INITIAL INPUT VALUES 

50 10.0 60 0 1 -1  

*----------------------------------------------------------------------

-------- 

 

* Model "Type2b" (Type 2) 

*  

 

UNIT 23 TYPE 2  Type2b 

*$UNIT_NAME Type2b 

*$MODEL .\Controllers\Differential Controller w_ Hysteresis\for 

Temperatures\Solver 0 (Successive Substitution) Control 

Strategy\Type2b.tmf 

*$POSITION 525 133 

*$LAYER Outputs #  

*$# NOTE: This control strategy can only be used with solver 0 

(Successive substitution) 

*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

100  ! 2 High limit cut-out 

INPUTS 6 

26,1   ! Type50d:Outlet fluid temperature ->Upper input 

temperature Th 

3,3   ! Main Tank:Temperature at outlet-2 ->Lower input 

temperature Tl 

0,0  ! [unconnected] Monitoring temperature Tin 

23,1   ! Type2b:Output control function ->Input control function 

0,0  ! [unconnected] Upper dead band dT 

0,0  ! [unconnected] Lower dead band dT 

*** INITIAL INPUT VALUES 

20.0 10.0 20 0 5 2  
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*----------------------------------------------------------------------

-------- 

 

* EQUATIONS "Draw" 

*  

EQUATIONS 2 

DailyLoad = 250 

Draw = DailyLoad*[25,2] 

*$UNIT_NAME Draw 

*$LAYER Main 

*$POSITION 775 547 

 

*----------------------------------------------------------------------

-------- 

 

 

* Model "DRAW PROFILE" (Type 14) 

*  

 

UNIT 25 TYPE 14  DRAW PROFILE 

*$UNIT_NAME DRAW PROFILE 

*$MODEL .\Utility\Forcing Functions\Water Draw\Type14b.tmf 

*$POSITION 662 547 

*$LAYER Outputs #  

PARAMETERS 108 

0  ! 1 Initial value of time 

0  ! 2 Initial value of function 

7  ! 3 Time at point-1 

0  ! 4 Water draw at point -1 

7  ! 5 Time at point-2 

0.177777778  ! 6 Water draw at point -2 

7.25  ! 7 Time at point-3 

0.177777778  ! 8 Water draw at point -3 

7.25  ! 9 Time at point-4 

0  ! 10 Water draw at point -4 

8  ! 11 Time at point-5 

0  ! 12 Water draw at point -5 

8  ! 13 Time at point-6 

0.444444444  ! 14 Water draw at point -6 

8.25  ! 15 Time at point-7 

0.444444444  ! 16 Water draw at point -7 

8.25  ! 17 Time at point-8 

0  ! 18 Water draw at point -8 

9  ! 19 Time at point-9 

0  ! 20 Water draw at point -9 

9  ! 21 Time at point-10 

0.088888889  ! 22 Water draw at point -10 

9.25  ! 23 Time at point-11 

0.088888889  ! 24 Water draw at point -11 

9.25  ! 25 Time at point-12 

0  ! 26 Water draw at point -12 

10  ! 27 Time at point-13 

0  ! 28 Water draw at point -13 

10  ! 29 Time at point-14 
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0.8  ! 30 Water draw at point -14 

10.25  ! 31 Time at point-15 

0.8  ! 32 Water draw at point -15 

10.25  ! 33 Time at point-16 

0  ! 34 Water draw at point -16 

11  ! 35 Time at point-17 

0  ! 36 Water draw at point -17 

11  ! 37 Time at point-18 

0.088888889  ! 38 Water draw at point -18 

11.25  ! 39 Time at point-19 

0.088888889  ! 40 Water draw at point -19 

11.25  ! 41 Time at point-20 

0  ! 42 Water draw at point -20 

12  ! 43 Time at point-21 

0  ! 44 Water draw at point -21 

12  ! 45 Time at point-22 

0.177777778  ! 46 Water draw at point -22 

12.25  ! 47 Time at point-23 

0.177777778  ! 48 Water draw at point -23 

12.25  ! 49 Time at point-24 

0  ! 50 Water draw at point -24 

13  ! 51 Time at point-25 

0  ! 52 Water draw at point -25 

13  ! 53 Time at point-26 

0.088888889  ! 54 Water draw at point -26 

13.25  ! 55 Time at point-27 

0.088888889  ! 56 Water draw at point -27 

13.25  ! 57 Time at point-28 

0  ! 58 Water draw at point -28 

16  ! 59 Time at point-29 

0  ! 60 Water draw at point -29 

16  ! 61 Time at point-30 

0.177777778  ! 62 Water draw at point -30 

16.25  ! 63 Time at point-31 

0.177777778  ! 64 Water draw at point -31 

16.25  ! 65 Time at point-32 

0  ! 66 Water draw at point -32 

17  ! 67 Time at point-33 

0  ! 68 Water draw at point -33 

17  ! 69 Time at point-34 

0.444444444  ! 70 Water draw at point -34 

17.25  ! 71 Time at point-35 

0.444444444  ! 72 Water draw at point -35 

17.25  ! 73 Time at point-36 

0  ! 74 Water draw at point -36 

18  ! 75 Time at point-37 

0  ! 76 Water draw at point -37 

18  ! 77 Time at point-38 

0.8  ! 78 Water draw at point -38 

18.25  ! 79 Time at point-39 

0.8  ! 80 Water draw at point -39 

18.25  ! 81 Time at point-40 

0  ! 82 Water draw at point -40 

19  ! 83 Time at point-41 
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0  ! 84 Water draw at point -41 

19  ! 85 Time at point-42 

0.444444444  ! 86 Water draw at point -42 

19.25  ! 87 Time at point-43 

0.444444444  ! 88 Water draw at point -43 

19.25  ! 89 Time at point-44 

0  ! 90 Water draw at point -44 

20  ! 91 Time at point-45 

0  ! 92 Water draw at point -45 

20  ! 93 Time at point-46 

0.177777778  ! 94 Water draw at point -46 

20.25  ! 95 Time at point-47 

0.177777778  ! 96 Water draw at point -47 

20.25  ! 97 Time at point-48 

0  ! 98 Water draw at point -48 

21  ! 99 Time at point-49 

0  ! 100 Water draw at point -49 

21  ! 101 Time at point-50 

0.088888889  ! 102 Water draw at point -50 

21.25  ! 103 Time at point-51 

0.088888889  ! 104 Water draw at point -51 

21.25  ! 105 Time at point-52 

0  ! 106 Water draw at point -52 

24  ! 107 Time at point-53 

0  ! 108 Water draw at point -53 

*----------------------------------------------------------------------

-------- 

 

* Model "AUX integrator" (Type 24) 

*  

 

UNIT 20 TYPE 24  AUX integrator 

*$UNIT_NAME AUX integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 980 735 

*$LAYER Outputs #  

PARAMETERS 2 

STOP  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 3 

aux_total  ! Total Aux Energy:aux_total ->Auxiliary-1 

35,3   ! Mixer:QLOAD ->Load-2 

27,2   ! Type48a:Power out ->Electrical-3 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0  

*----------------------------------------------------------------------

-------- 

 

* Model "Solar Fraction alternate" (Type 25) 

*  

 

UNIT 21 TYPE 25  Solar Fraction alternate 

*$UNIT_NAME Solar Fraction alternate 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 
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*$POSITION 1105 805 

*$LAYER Outputs #  

PARAMETERS 10 

24  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

46  ! 4 Logical unit 

2  ! 5 Units printing mode 

0  ! 6 Relative or absolute start time 

-1  ! 7 Overwrite or Append 

-1  ! 8 Print header 

0  ! 9 Delimiter 

1  ! 10 Print labels 

INPUTS 3 

20,1   ! AUX integrator:Result of integration-1 ->Input to be 

printed-1 

20,2   ! AUX integrator:Result of integration-2 ->Input to be 

printed-2 

20,3   ! AUX integrator:Result of integration-3 ->Input to be 

printed-3 

*** INITIAL INPUT VALUES 

Qaux Qload Electrical  

*** External files 

ASSIGN "PVT.out" 46 

*|? Which file should contain the printed results? You can use the deck 

filename by entering "***", e.g. "***.out", or "***.dat"  |1000 

*----------------------------------------------------------------------

-------- 

 

* Model "Solar Power" (Type 65) 

*  

 

UNIT 18 TYPE 65  Solar Power 

*$UNIT_NAME Solar Power 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 213 170 

*$LAYER Main #  

PARAMETERS 12 

4  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

1000.0  ! 4 Left axis maximum 

0.0  ! 5 Right axis minimum 

1000.0  ! 6 Right axis maximum 

1  ! 7 Number of plots per simulation 

12  ! 8 X-axis gridpoints 

0  ! 9 Shut off Online w/o removing 

-1  ! 10 Logical unit for output file 

0  ! 11 Output file units 

0  ! 12 Output file delimiter 

INPUTS 6 

34,25   ! Type15-6:Beam radiation for surface ->Left axis 

variable-1 
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34,28   ! Type15-6:Total diffuse radiation for surface ->Left 

axis variable-2 

26,3   ! Type50d:Rate of useful energy gain ->Left axis variable-3 

26,6   ! Type50d:Electrical power output ->Left axis variable-4 

0,0  ! [unconnected] Right axis variable-1 

0,0  ! [unconnected] Right axis variable-2 

*** INITIAL INPUT VALUES 

Beam Diffuse Useful_Energy Electrical_Output label label  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Graph 1" 

*----------------------------------------------------------------------

-------- 

 

* Model "Type50d" (Type 50) 

*  

 

UNIT 26 TYPE 50  Type50d 

*$UNIT_NAME Type50d 

*$MODEL .\Electrical\Photovoltaic Panels\PV-Thermal Collectors\Flat 

Plate Collectors\Loss=f(T,WS,G) and t=f(angle)\Type50d.tmf 

*$POSITION 188 436 

*$LAYER Main #  

PARAMETERS 13 

4  ! 1 Mode 

ArraySize  ! 2 Collector Area 

.9  ! 3 Collector Efficiency Factor 

3.56  ! 4 Fluid Thermal Capacitance 

0.9  ! 5 Collector plate absorptance 

1  ! 6 Number of glass covers 

.8  ! 7 Collector plate emittance 

3.24  ! 8 Loss coefficient for bottom and edge losses 

45  ! 9 Collector slope 

0.03  ! 10 Extinction coefficient thickness product 

-0.0003  ! 11 Temperature coefficient of PV cell efficiency 

25  ! 12 Temperature for cell reference efficiency 

.9  ! 13 Packing factor 

INPUTS 8 

36,1   ! Type31:Outlet temperature ->Inlet fluid temperature 

36,2   ! Type31:Outlet flow rate ->Fluid mass flow rate 

34,1   ! Type15-6:Dry bulb temperature ->Ambient temperature 

34,25   ! Type15-6:Beam radiation for surface ->Incident beam 

radiation 

34,28   ! Type15-6:Total diffuse radiation for surface -

>Incident diffuse radiation 

34,29   ! Type15-6:Angle of incidence for surface ->Incidence 

angle of beam radiation 

34,8   ! Type15-6:Wind velocity ->Windspeed 

0,0  ! [unconnected] Cell Efficiency at reference conditions 

*** INITIAL INPUT VALUES 

0 0 0 0 0 0 0 .16  

*----------------------------------------------------------------------

-------- 



 

 

 

151 

 

* Model "Type48a" (Type 48) 

*  

 

UNIT 27 TYPE 48  Type48a 

*$UNIT_NAME Type48a 

*$MODEL .\Electrical\Regulators and Inverters\System w_o battery 

storage\Type48a.tmf 

*$POSITION 305 735 

*$LAYER Main #  

PARAMETERS 2 

0  ! 1 Mode 

0.90  ! 2 Efficiency 

INPUTS 2 

PowerKJh  ! Unit Conv:PowerKJh ->Input power 

PowerKJh  ! Unit Conv:PowerKJh ->Load power 

*** INITIAL INPUT VALUES 

0 0  

*----------------------------------------------------------------------

-------- 

 

* EQUATIONS "Total Aux Energy" 

*  

EQUATIONS 1 

aux_total = aux+[4,3]+[6,3] 

*$UNIT_NAME Total Aux Energy 

*$LAYER Outputs 

*$POSITION 578 687 

 

*----------------------------------------------------------------------

-------- 

 

 

* Model "Monthly Integrator" (Type 24) 

*  

 

UNIT 30 TYPE 24  Monthly Integrator 

*$UNIT_NAME Monthly Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 1052 655 

*$LAYER Main #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 4 

aux_total  ! Total Aux Energy:aux_total ->Aux-1 

35,3   ! Mixer:QLOAD ->Load-2 

3,8   ! Main Tank:Energy delivered to flow -2 ->Thermal-3 

27,2   ! Type48a:Power out ->Electrical-4 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0 0.0  

*----------------------------------------------------------------------

-------- 
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* Model "Type15-6" (Type 15) 

*  

 

UNIT 34 TYPE 15  Type15-6 

*$UNIT_NAME Type15-6 

*$MODEL .\Weather Data Reading and Processing\Standard Format\Meteonorm 

Files (TM2)\Type15-6.tmf 

*$POSITION 81 431 

*$LAYER Water Loop #  

PARAMETERS 9 

6  ! 1 File Type 

56  ! 2 Logical unit 

5  ! 3 Tilted Surface Radiation Mode 

0.2  ! 4 Ground reflectance - no snow 

0.7  ! 5 Ground reflectance - snow cover 

1  ! 6 Number of surfaces 

1  ! 7 Tracking mode 

45  ! 8 Slope of surface 

0  ! 9 Azimuth of surface 

*** External files 

ASSIGN "C:\Trnsys17\Weather\Meteonorm\North-America\CA-QC-Montreal-

716270.tm2" 56 

*|? Which file contains the Meteonorm weather data? |1000 

*----------------------------------------------------------------------

-------- 

 

* Model "Type31" (Type 31) 

*  

 

UNIT 36 TYPE 31  Type31 

*$UNIT_NAME Type31 

*$MODEL .\Hydronics\Pipe_Duct\Type31.tmf 

*$POSITION 232 506 

*$LAYER Water Loop #  

PARAMETERS 6 

0.0095  ! 1 Inside diameter 

10  ! 2 Pipe length 

6.624  ! 3 Loss coefficient 

1041  ! 4 Fluid density 

3.56  ! 5 Fluid specific heat 

10.0  ! 6 Initial fluid temperature 

INPUTS 3 

6,1   ! Motor 2:Outlet fluid temperature ->Inlet temperature 

6,2   ! Motor 2:Outlet flow rate ->Inlet flow rate 

34,1   ! Type15-6:Dry bulb temperature ->Environment temperature 

*** INITIAL INPUT VALUES 

10.0 100.0 10.0  

*----------------------------------------------------------------------

-------- 

 

* Model "Type31-2" (Type 31) 

*  

 

UNIT 37 TYPE 31  Type31-2 
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*$UNIT_NAME Type31-2 

*$MODEL .\Hydronics\Pipe_Duct\Type31.tmf 

*$POSITION 269 378 

*$LAYER Water Loop #  

PARAMETERS 6 

0.0095  ! 1 Inside diameter 

10  ! 2 Pipe length 

6.624  ! 3 Loss coefficient 

1041  ! 4 Fluid density 

3.56  ! 5 Fluid specific heat 

10.0  ! 6 Initial fluid temperature 

INPUTS 3 

26,1   ! Type50d:Outlet fluid temperature ->Inlet temperature 

26,2   ! Type50d:Fluid flowrate ->Inlet flow rate 

34,1   ! Type15-6:Dry bulb temperature ->Environment temperature 

*** INITIAL INPUT VALUES 

10.0 100.0 10.0  

*----------------------------------------------------------------------

-------- 

 

* EQUATIONS "MPP Tracker" 

*  

EQUATIONS 1 

P_in = [26,6]*0.27777778*0.9 

*$UNIT_NAME MPP Tracker 

*$LAYER Outputs 

*$POSITION 331 239 

 

*----------------------------------------------------------------------

-------- 

 

 

* Model "TEM Operation" (Type 65) 

*  

 

UNIT 42 TYPE 65  TEM Operation 

*$UNIT_NAME TEM Operation 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 499 602 

*$LAYER Main #  

PARAMETERS 12 

9  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

-400  ! 3 Left axis minimum 

200  ! 4 Left axis maximum 

0.0  ! 5 Right axis minimum 

2  ! 6 Right axis maximum 

1  ! 7 Number of plots per simulation 

12  ! 8 X-axis gridpoints 

0  ! 9 Shut off Online w/o removing 

-1  ! 10 Logical unit for output file 

0  ! 11 Output file units 

0  ! 12 Output file delimiter 

INPUTS 11 
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59,1   ! Type247:COP ->Left axis variable-1 

59,2   ! Type247:QH ->Left axis variable-2 

59,3   ! Type247:QC ->Left axis variable-3 

59,4   ! Type247:Current ->Left axis variable-4 

59,5   ! Type247:ToH ->Left axis variable-5 

59,6   ! Type247:ToC ->Left axis variable-6 

59,7   ! Type247:mdH ->Left axis variable-7 

59,8   ! Type247:mdC ->Left axis variable-8 

59,9   ! Type247:Qelec ->Left axis variable-9 

P_in  ! MPP Tracker:P_in ->Right axis variable-1 

Control_sig  ! Equa:Control_sig ->Right axis variable-2 

*** INITIAL INPUT VALUES 

COP QH QC Current ToH ToC mdH mdC Qelec P_in TEMcontrol  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Graph 1" 

*----------------------------------------------------------------------

-------- 

 

* Model "Type91" (Type 91) 

*  

 

UNIT 39 TYPE 91  Type91 

*$UNIT_NAME Type91 

*$MODEL .\Heat Exchangers\Constant Effectiveness\Type91.tmf 

*$POSITION 588 442 

*$LAYER Outputs #  

PARAMETERS 3 

0.85  ! 1 Heat exchanger effectiveness 

3.56  ! 2 Specific heat of source side fluid 

4.19  ! 3 Specific heat of load side fluid 

INPUTS 4 

52,1   ! Type11h:Outlet temperature ->Source side inlet 

temperature 

52,2   ! Type11h:Outlet flow rate ->Source side flow rate 

4,1   ! Type3d:Outlet fluid temperature ->Load side inlet 

temperature 

4,2   ! Type3d:Outlet flow rate ->Load side flow rate 

*** INITIAL INPUT VALUES 

20.0 100.0 20.0 100.0  

*----------------------------------------------------------------------

-------- 

 

* Model "Type2-AquastatH-2" (Type 2) 

*  

 

UNIT 43 TYPE 2  Type2-AquastatH-2 

*$UNIT_NAME Type2-AquastatH-2 

*$MODEL .\Controllers\Aquastat\Heating Mode\Type2-AquastatH.tmf 

*$POSITION 319 111 

*$LAYER Outputs #  

*$# NOTE: This controller can only be used with solver 0 (Successive 

substitution) 
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*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

100.  ! 2 Safety limit temperature 

INPUTS 6 

HighTempCut  ! [equation] Setpoint temperature 

26,1   ! Type50d:Outlet fluid temperature ->Temperature to watch 

0,0  ! [unconnected] High limit monitoring temperature 

43,1   ! Type2-AquastatH-2:Output control function ->Input control 

function-->Connect from output control signal 

0,0  ! [unconnected] Turn on temperature difference 

0,0  ! [unconnected] Turn off temperature difference 

*** INITIAL INPUT VALUES 

HighTempCut 10.0 20.0 0 5 2  

*----------------------------------------------------------------------

-------- 

 

* EQUATIONS "Unit Conv" 

*  

EQUATIONS 1 

PowerKJh = [59,9]/0.2777777 

*$UNIT_NAME Unit Conv 

*$LAYER Outputs 

*$POSITION 286 613 

 

*----------------------------------------------------------------------

-------- 

 

 

* Model "Type31-3" (Type 31) 

*  

 

UNIT 48 TYPE 31  Type31-3 

*$UNIT_NAME Type31-3 

*$MODEL .\Hydronics\Pipe_Duct\Type31.tmf 

*$POSITION 351 346 

*$LAYER Main #  

PARAMETERS 6 

0.0095  ! 1 Inside diameter 

2  ! 2 Pipe length 

6.624  ! 3 Loss coefficient 

1041  ! 4 Fluid density 

3.56  ! 5 Fluid specific heat 

10.0  ! 6 Initial fluid temperature 

INPUTS 3 

37,1   ! Type31-2:Outlet temperature ->Inlet temperature 

37,2   ! Type31-2:Outlet flow rate ->Inlet flow rate 

0,0  ! [unconnected] Environment temperature 

*** INITIAL INPUT VALUES 

10.0 100.0 17  

*----------------------------------------------------------------------

-------- 

 

* Model "TIME FUNCTION" (Type 14) 
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*  

 

UNIT 49 TYPE 14  TIME FUNCTION 

*$UNIT_NAME TIME FUNCTION 

*$MODEL .\Utility\Forcing Functions\General\Type14h.tmf 

*$POSITION 729 88 

*$LAYER Main #  

PARAMETERS 12 

0  ! 1 Initial value of time 

0  ! 2 Initial value of function 

6  ! 3 Time at point-1 

0  ! 4 Value at point -1 

6  ! 5 Time at point-2 

1  ! 6 Value at point -2 

20  ! 7 Time at point-3 

1  ! 8 Value at point -3 

20  ! 9 Time at point-4 

0  ! 10 Value at point -4 

24  ! 11 Time at point-5 

0  ! 12 Value at point -5 

*----------------------------------------------------------------------

-------- 

 

* Model "Mixer" (Type 178) 

*  

 

UNIT 35 TYPE 178  Mixer 

*$UNIT_NAME Mixer 

*$MODEL .\Hydronics\Flow Mixer\Other Fluids\Type178.tmf 

*$POSITION 846 559 

*$LAYER Main #  

PARAMETERS 1 

55  ! 1 TSET 

INPUTS 3 

34,5   ! Type15-6:Mains water temperature ->TCOLD 

3,1   ! Main Tank:Temperature at outlet-1 ->THOT 

Draw  ! Draw:Draw ->FLTAP 

*** INITIAL INPUT VALUES 

15 20 0  

*----------------------------------------------------------------------

-------- 

 

* Model "Type65d" (Type 65) 

*  

 

UNIT 45 TYPE 65  Type65d 

*$UNIT_NAME Type65d 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 784 303 

*$LAYER Main #  

PARAMETERS 12 

2  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 
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100.0  ! 4 Left axis maximum 

0.0  ! 5 Right axis minimum 

2  ! 6 Right axis maximum 

1  ! 7 Number of plots per simulation 

12  ! 8 X-axis gridpoints 

0  ! 9 Shut off Online w/o removing 

-1  ! 10 Logical unit for output file 

0  ! 11 Output file units 

0  ! 12 Output file delimiter 

INPUTS 4 

52,1   ! Type11h:Outlet temperature ->Left axis variable-1 

39,1   ! Type91:Source-side outlet temperature ->Left axis 

variable-2 

23,1   ! Type2b:Output control function ->Right axis variable-1 

43,1   ! Type2-AquastatH-2:Output control function ->Right axis 

variable-2 

*** INITIAL INPUT VALUES 

TinH TinC Sig CutoutSig  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Graph 1" 

*----------------------------------------------------------------------

-------- 

 

* Model "Monthly Integrator-3" (Type 24) 

*  

 

UNIT 46 TYPE 24  Monthly Integrator-3 

*$UNIT_NAME Monthly Integrator-3 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 780 837 

*$LAYER Main #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 3 

59,1   ! Type247:COP ->COP 

Control_sig  ! Equa:Control_sig ->Signal 

59,2   ! Type247:QH ->QH 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0  

*----------------------------------------------------------------------

-------- 

 

* Model "Type11f" (Type 11) 

*  

 

UNIT 51 TYPE 11  Type11f 

*$UNIT_NAME Type11f 

*$MODEL .\Hydronics\Flow Diverter\Other Fluids\Type11f.tmf 

*$POSITION 430 346 

*$LAYER Main #  

PARAMETERS 1 
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2  ! 1 Controlled flow diverter mode 

INPUTS 3 

48,1   ! Type31-3:Outlet temperature ->Inlet temperature 

48,2   ! Type31-3:Outlet flow rate ->Inlet flow rate 

43,1   ! Type2-AquastatH-2:Output control function ->Control 

signal 

*** INITIAL INPUT VALUES 

20.0 100.0 0.5  

*----------------------------------------------------------------------

-------- 

 

* Model "Type11h" (Type 11) 

*  

 

UNIT 52 TYPE 11  Type11h 

*$UNIT_NAME Type11h 

*$MODEL .\Hydronics\Tee-Piece\Other Fluids\Type11h.tmf 

*$POSITION 526 346 

*$LAYER Main #  

PARAMETERS 1 

1  ! 1 Tee piece mode 

INPUTS 4 

51,1   ! Type11f:Temperature at outlet 1 ->Temperature at inlet 1 

51,2   ! Type11f:Flow rate at outlet 1 ->Flow rate at inlet 1 

59,5   ! Type247:ToH ->Temperature at inlet 2 

59,7   ! Type247:mdH ->Flow rate at inlet 2 

*** INITIAL INPUT VALUES 

20.0 100.0 20.0 100.0  

*----------------------------------------------------------------------

-------- 

 

* Model "Type11f-2" (Type 11) 

*  

 

UNIT 53 TYPE 11  Type11f-2 

*$UNIT_NAME Type11f-2 

*$MODEL .\Hydronics\Flow Diverter\Other Fluids\Type11f.tmf 

*$POSITION 550 527 

*$LAYER Main #  

PARAMETERS 1 

2  ! 1 Controlled flow diverter mode 

INPUTS 3 

39,1   ! Type91:Source-side outlet temperature ->Inlet temperature 

39,2   ! Type91:Source side flow rate ->Inlet flow rate 

43,1   ! Type2-AquastatH-2:Output control function ->Control 

signal 

*** INITIAL INPUT VALUES 

20.0 60 0.5  

*----------------------------------------------------------------------

-------- 

 

* Model "Type11h-2" (Type 11) 

*  
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UNIT 54 TYPE 11  Type11h-2 

*$UNIT_NAME Type11h-2 

*$MODEL .\Hydronics\Tee-Piece\Other Fluids\Type11h.tmf 

*$POSITION 412 538 

*$LAYER Main #  

PARAMETERS 1 

1  ! 1 Tee piece mode 

INPUTS 4 

53,1   ! Type11f-2:Temperature at outlet 1 ->Temperature at inlet 

1 

53,2   ! Type11f-2:Flow rate at outlet 1 ->Flow rate at inlet 1 

59,6   ! Type247:ToC ->Temperature at inlet 2 

59,8   ! Type247:mdC ->Flow rate at inlet 2 

*** INITIAL INPUT VALUES 

20.0 100.0 20.0 100.0  

*----------------------------------------------------------------------

-------- 

 

* EQUATIONS "Equa" 

*  

EQUATIONS 1 

Control_sig = [43,1]*[23,1]*GE(P_in,60) 

*$UNIT_NAME Equa 

*$LAYER Main 

*$POSITION 445 58 

 

*----------------------------------------------------------------------

-------- 

 

 

* EQUATIONS "Efficiency, Exergy, PES-2" 

*  

EQUATIONS 10 

A = ArraySize 

etatherm = ([26,3])/([34,24]*A+0.00000000000000001) 

etathermactual = etatherm*GE(etatherm,-1)*LE(etatherm,2) 

exergy = Carnot*etatherm+etaelec 

Carnot = 1-(293/(293+[26,1]-[34,1])) 

Cp = 3.56 

etaelec = ([26,6])/([34,24]*A+0.00000000000000001) 

PES = (etaelec/.39)+etathermactual 

etatotal = etathermactual+etaelec 

Check = GE(etatherm,0.01) 

*$UNIT_NAME Efficiency, Exergy, PES-2 

*$LAYER Main 

*$POSITION 165 655 

 

*----------------------------------------------------------------------

-------- 

 

 

* Model "Monthly Integrator-4" (Type 24) 

*  
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UNIT 55 TYPE 24  Monthly Integrator-4 

*$UNIT_NAME Monthly Integrator-4 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 193 826 

*$LAYER Main #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 4 

etaelec  ! Efficiency, Exergy, PES-2:etaelec ->EtaElec 

etathermactual  ! Efficiency, Exergy, PES-2:etathermactual -

>EtaTherm 

PES  ! Efficiency, Exergy, PES-2:PES ->PES 

Check  ! Efficiency, Exergy, PES-2:Check ->Check 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0 0.0  

*----------------------------------------------------------------------

-------- 

 

* Model "Monthly SF" (Type 25) 

*  

 

UNIT 56 TYPE 25  Monthly SF 

*$UNIT_NAME Monthly SF 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 1118 591 

*$LAYER Main #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

57  ! 4 Logical unit 

2  ! 5 Units printing mode 

0  ! 6 Relative or absolute start time 

-1  ! 7 Overwrite or Append 

-1  ! 8 Print header 

0  ! 9 Delimiter 

1  ! 10 Print labels 

INPUTS 8 

30,1   ! Monthly Integrator:Result of integration-1 ->Input to be 

printed-1 

30,2   ! Monthly Integrator:Result of integration-2 ->Input to be 

printed-2 

30,3   ! Monthly Integrator:Result of integration-3 ->Input to be 

printed-3 

30,4   ! Monthly Integrator:Result of integration-4 ->Input to be 

printed-4 

55,2   ! Monthly Integrator-4:Result of integration-2 ->Input to 

be printed-5 

55,3   ! Monthly Integrator-4:Result of integration-3 ->Input to 

be printed-6 

55,1   ! Monthly Integrator-4:Result of integration-1 ->Input to 

be printed-7 
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55,4   ! Monthly Integrator-4:Result of integration-4 ->Input to 

be printed-8 

*** INITIAL INPUT VALUES 

Qaux Qload Thermal Electrical EtaTherm PES EtaElec Check  

*** External files 

ASSIGN "***.out" 57 

*|? Which file should contain the printed results? You can use the deck 

filename by entering "***", e.g. "***.out", or "***.dat"  |1000 

*----------------------------------------------------------------------

-------- 

 

* Model "Monthly SF-2" (Type 25) 

*  

 

UNIT 57 TYPE 25  Monthly SF-2 

*$UNIT_NAME Monthly SF-2 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 867 911 

*$LAYER Main #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

68  ! 4 Logical unit 

2  ! 5 Units printing mode 

0  ! 6 Relative or absolute start time 

-1  ! 7 Overwrite or Append 

-1  ! 8 Print header 

0  ! 9 Delimiter 

1  ! 10 Print labels 

INPUTS 3 

46,1   ! Monthly Integrator-3:Result of integration-1 ->Input to 

be printed-1 

46,2   ! Monthly Integrator-3:Result of integration-2 ->Input to 

be printed-2 

46,3   ! Monthly Integrator-3:Result of integration-3 ->Input to 

be printed-3 

*** INITIAL INPUT VALUES 

COP Signal QH  

*** External files 

ASSIGN "COP.out" 68 

*|? Which file should contain the printed results? You can use the deck 

filename by entering "***", e.g. "***.out", or "***.dat"  |1000 

*----------------------------------------------------------------------

-------- 

 

* EQUATIONS "Parameters" 

*  

EQUATIONS 6 

ArraySize = 6.06 

NumMods = 21 

mdCollector = 60 

mdTank = 60 

TankSize = 0.23 
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HighTempCut = 25 

*$UNIT_NAME Parameters 

*$LAYER Main 

*$POSITION 581 837 

 

*----------------------------------------------------------------------

-------- 

 

 

* Model "Type247" (Type 247) 

*  

 

UNIT 59 TYPE 247  Type247 

*$UNIT_NAME Type247 

*$MODEL .\My Components\Type247.tmf 

*$POSITION 516 431 

*$LAYER Main #  

PARAMETERS 21 

NumMods  ! 1 NumMods 

1  ! 2 NumNode 

NumMods  ! 3 TEMperNode 

0.04  ! 4 L_TEM 

0.000007  ! 5 Contact Resistance 

0.007904  ! 6 Rslope 

1.468004  ! 7 Rint 

0.0099347  ! 8 Kslope 

0.4328724  ! 9 Kint 

0.000325  ! 10 Sslope 

0.034671  ! 11 Sint 

4180  ! 12 cpH 

0.000000959  ! 13 nuH 

0.0000001426  ! 14 alphaH 

0.5894  ! 15 condH 

998  ! 16 rhoH 

3569  ! 17 cpC 

0.000004044  ! 18 nuC 

0.0000000989  ! 19 alphaC 

0.3645  ! 20 condC 

1032  ! 21 rhoC 

INPUTS 6 

Control_sig  ! Equa:Control_sig ->Control Signal 

51,3   ! Type11f:Temperature at outlet 2 ->TinH 

53,3   ! Type11f-2:Temperature at outlet 2 ->TinC 

51,4   ! Type11f:Flow rate at outlet 2 ->mdH 

51,4   ! Type11f:Flow rate at outlet 2 ->mdC 

P_in  ! MPP Tracker:P_in ->Input Power 

*** INITIAL INPUT VALUES 

0 0 0 0 0 0  

*----------------------------------------------------------------------

-------- 

 

END 

 

 


