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Abstract:



Tri-generation plants will have an important role in the near future in the residential sector where heating and cooling demands come into play throughout the year. Depending on the building’s location, the characteristics of its enclosure and its use, the thermal loads and demands will be different. This article analyses and compares a combined cooling, heating and power (CCHP) system tested in the laboratory and a single household located in Spain. The cooling capacity is obtained using a reversible heat pump where the compressor is driven directly by a gas engine with internal combustion engine (ICE) technology. The tests were carried out in a work bench at three different operating speeds. A variable-speed model is developed in the TRNSYS simulation environment with an operating strategy following the thermal load (FTL). Once the micro-CCHP system was modeled with experimental data and validated, it was dynamically simulated to analyze its performance in different climatic zones defined in the Spanish “Código Técnico de la Edificación” (CTE). This study reveals that the micro-CCHP system is suitable in mild weathers during the summer season.
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1. Introduction


An energetic model based on micro-cogeneration units or district models represents a very important issue in the near future [1]. Increasing fuel prices and power demands together with the Kyoto Protocol require more efficient models such as smart grids where the distribution losses are minimized and the waste heat is more useful than in thermal power plants. The correct sizing of the plant is a very important issue to obtain a reduction in greenhouse gas emissions [2].



When energy is used in a cogenerate way, a significant increase in efficiency is obtained. Normally, if a thermal engine produces only electrical power, efficiencies around 40% can be obtained, but if the system has cogeneration capacities this efficiency can be increased up to 90% [3]. Furthermore, if the cogeneration plant moves a heat pump system with reversible possibilities, efficiencies over 100% can be achieved, and the system is usually called a trigeneration plant or combined cooling, heating and power plant (CCHP).



Nowadays the most typical heating system installed in Spain is a conventional condensation boiler [4]. Depending on the application, a different type of micro-tri or co-generation technology can be selected because each one presents different advantages. The most common technologies for prime movers in micro-CCHP units are ICE, micro-turbines, Stirling engine, organic Rankine cycle, or fuel cells, among others [5,6] although the last two are still entering the market. ICE-based CCHP systems are more mature, with many development examples in literature [7,8].



The number of installed units has been growing in the last ten years, in countries like the UK, Japan or China, and policies regarding CCHP stimulate the use of such technologies in the residential sector [9]. Micro-CCHP units are the focus of very recent innovative research. Chen et al. [10] designed a novel residential micro-combined cooling, heating and 5 kW power system incorporating a proton exchange membrane fuel cell (PEMFC) stack. The system was completed with a single effect absortion chiller. A steady state mathematic model of the overall system was developed and validated, and a parametric analysis of system performance was performed. Wu et al. [11] developed a micro-CCHP based on ICE and adsorption chiller (AD). This system incorporated a thermal management controller that automatically assigned waste heat to different water cycles for heating, cooling, or release.



An innovative study with a military and strategic point of view was done by Horvath et al. [12]. They consider that the inefficiency of traditional configurations results in a high fuel requirement which compromises both safety and stability, when the fuel has to travel through a lengthy, complex, hostile network. A CCHP configuration, using thermally activated cooling technology, is proposed and simulated using TRNSYS [13].



Two of the most common operation strategies are to run the prime mover in accordance to either electrical or thermal demand. Mago et al. [14] proposed an innovative micro-CCHP system that operates following a hybrid electrical-thermal load. Han et al. continued working this topic in their work in 2014 [15]. Based on this work, Zheng et al. proposed an optimized operation strategy based on the minimum distance [16]. This improvement is developed in order to make full use of the CCHP system with less excess energy.



Much recent research has aimed to define a better operation strategy of CCHP systems [17,18,19]. Alternative considerations to classic ones were developed by Baniasad et al. [20]. In their work, they consider the effect of heat storage and fuel price on energy management and economics of micro-CCHP systems.



Other technologies can be integrated with CCHP systems. Wang et al. evaluated the possibility of using thermoelectric generators (TEG) and condensing heat exchanger to recover the exhaust gas waste heat of an ICE based CCHP unit [21].



The location of the building is also important due to the different climates and consequently due to the different cooling and heating loads. Exhaustive research has been conducted comparing different locations for mobile homes, like caravans and sailing boats [22,23].



Annual operating hours of these technologies together with thermophotovoltaic generators are evaluated when the cogeneration plant supply energy to two dwellings with different size. The appropriated TES size is also studied in the function of the different technologies [2].



This article analyses and improves the match between a proposed tri-generation system and the needs of a medium detached house. Depending on the DHW demands, and indirectly on the building location, the plant will require a different optimum tank storage capacity and a different battery bank size because the tri-generation engine has different running hours to attend heating and cooling demands among others. The plant was simulated in the TRNSYS simulation environment, following the thermal load (FTL) as an operating strategy.




2. Methodology


2.1. Building Description, Energy Demands and Climate Conditions


A new detached house was chosen to carry out this research. Total useful area of the dwelling is 286.25 m2, distributed in two floors (Figure 1), and 242.23 m2 are thermally conditioned. Geometrical details of the building are described in Table 1. The building envelope is designed based on the requirements set by the Spanish Building Technical Code (in Spanish: CTE) [24]. Envelope main features are shown in Table 2.


Figure 1. Building outside view and Sketchup model.
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Table 1. Geometrical data.







	
Dwelling Geometrical Parameter

	
Value






	
Gross Volume of Heated Rooms (V)

	
779.67 m3




	
External surface (S)

	
655.36 m2




	
Ratio S/V

	
1.19




	
Internal surface (Su)

	
97.22 m2




	
External glazing

	
128.26 m2










Table 2. Characteristics of the constructive elements.







	

	
Transmittance (W/m2·K)

	
Thickness (m)






	
External wall

	
0.37

	
0.65




	
Ground floor

	
0.43

	
0.65




	
Roof

	
0.39

	
0.39




	
Internal wall

	
0.12

	
0.12




	
Adjacent ceiling

	
0.59

	
0.32




	
Windows

	
2.76

	
-










Dwelling geometrical model was designed using SketchUp software; it was divided into four thermal zones (Figure 2), on two different levels: first floor (garage, room 1, kitchen/living room, and hall) and second floor (room 2). A high density of glazed walls was considered in this building. This will have a big influence on the final results. Even though the garage was not thermally conditioned, it was included in the model to define boundary conditions.


Figure 2. Floor plan and thermal zones of the dwelling.
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The Spanish Technical Building Code [25] stipulates that the codification of a climatic zones comes from a combination of climatic severities (CS), ranging from A to E for winter periods and from 1 to 4 for summer periods [26], where A and 1 are the less severe areas for winter and summer, respectively (Figure 3). Thus, for example, the city of León would have a climatic severity E1, which implies very cold winters and mild summers. Figure 3 shows the different Spanish climatic zones.


Figure 3. Distribution map of Spanish thermal zones.
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Applied methodology for suitability assessment requires choosing at least one place or city for each CTE climatic zone. Table 3 shows selected cities and their winter (A–E) and summer (1–4) climatic severities.



Table 3. Cities selected for the research and climatic severities.







	

	
1

	
2

	
3

	
4






	
A

	

	

	
Málaga

	
Almería




	
B

	

	

	
Castellón

	
Córdoba




	
C

	
Bilbao

	
Barcelona

	
Granada

	
Jaén




	
D

	
Pamplona

	
Valladolid

	
Albacete

	




	
E

	
León

	

	

	










Simulation weather conditions were retrieved from the Meteonorm database [27]. Dwelling capacity was set to 3 people, considering an average capacity of 0.03 people/m2 out of the total area destined for bedrooms [28], as is specified in the CTE [29]. Two time periods were considered for setting temperature limits. The temperature set point in the heating season was set to 17 °C from 0:00 a.m. to 7:00 a.m., and to 20 °C from 7:00 a.m. to 0:00 a.m. [24]. In the cooling season it was set to 25 °C from 16:00 p.m. to 23:00 p.m., and to 27 °C from 0:00 a.m. to 7:00 a.m. [30,31]. A temperature set of 26 °C was chosen for that period where CTE do not specify any set point temperature. This decision was made considering recommendations of Institute for Energy Diversification and Savings (in Spanish: IDAE) [32]. Moreover, airchange ratio was set to 1.55 renovations per hour, according to the air quality specifications of the CTE for such type of building [33].



DHW utilization was calculated according to the conditions established in CTE for detached dwellings, with a daily intake of 30 L/person at 60 °C. DHW daily profiles were provided by IDAE [34]. In the case of this study, considering a capacity of 3 people, a total intake of 90 L/day is necessary and the utilization profile is shown in Figure 4.


Figure 4. DHW utilization profile.
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Tap water temperature is necessary for DHW thermal energy load estimation. A monthly mean temperature is set for each location as it is shown in Table 4.



Table 4. Tap water monthly and annual mean temperature in °C.







	
Climatic Zone

	
City

	
Jan.

	
Feb.

	
Mar.

	
Apr.

	
May

	
Jun.

	
Jul.

	
Aug.

	
Sep.

	
Oct.

	
Nov.

	
Dec.

	
Annual






	
A3

	
Málaga

	
11

	
12

	
13

	
14

	
16

	
18

	
20

	
20

	
19

	
16

	
13

	
12

	
15




	
A4

	
Almería

	
12

	
12

	
13

	
14

	
16

	
18

	
20

	
21

	
19

	
17

	
14

	
12

	
16




	
B3

	
Castellón

	
10

	
11

	
12

	
13

	
15

	
18

	
19

	
20

	
18

	
16

	
11

	
12

	
15




	
B4

	
Córdoba

	
10

	
11

	
12

	
14

	
16

	
19

	
21

	
21

	
19

	
16

	
12

	
10

	
15




	
C1

	
Bilbao

	
9

	
10

	
10

	
11

	
13

	
15

	
17

	
17

	
16

	
14

	
11

	
10

	
13




	
C2

	
Barcelona

	
9

	
10

	
11

	
12

	
14

	
17

	
19

	
19

	
17

	
15

	
12

	
10

	
14




	
C3

	
Granada

	
8

	
9

	
10

	
12

	
14

	
17

	
20

	
19

	
17

	
14

	
11

	
8

	
13




	
C4

	
Jaén

	
9

	
10

	
11

	
13

	
16

	
19

	
21

	
21

	
19

	
15

	
12

	
9

	
15




	
D1

	
Pamplona

	
7

	
8

	
9

	
10

	
11

	
13

	
15

	
15

	
14

	
12

	
9

	
8

	
11




	
D2

	
Valladolid

	
6

	
7

	
8

	
10

	
13

	
16

	
18

	
18

	
16

	
12

	
9

	
7

	
12




	
D3

	
Albacete

	
7

	
8

	
9

	
11

	
14

	
17

	
19

	
19

	
17

	
13

	
9

	
7

	
13




	
E1

	
León

	
6

	
6

	
8

	
9

	
12

	
14

	
16

	
16

	
15

	
11

	
8

	
6

	
11










Both DHW utilization profile and tap water temperature are considered inputs of the transient simulation.



Electrical demand was based on the annual mean intake of a typical detached dwelling. It was set to 4560 kWh [35]. Annual profile was calculated considering information provided by a Spanish electric supplier [36]. Figure 5 shows annual hourly consumption profile for a standard year. Warm and cool seasons lengths where established following IDAE recommendations [31].


Figure 5. Hourly electrical profile for a standard year.
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The system tries to satisfy thermal demands, as the operating strategy is FTD. DHW demand is a priority and is always covered. Thus, electricity production is compared to load for coverage estimation.




2.2. Micro-CCHP System Description and Performance


The main parts of the trigeneration plant are: an ICE as prime mover, an alternator, an inverter, a water storage tank with two heat exchangers and a heat pump with reversible operation.



The heat pump incorporates one plate heat exchanger, two fancoils, two expansion valves, and a compressor. Figure 6 shows a scheme of the micro-CCHP system and the main connections between elements. Temperature sensors and flow meters locations are also included in the schema.


Figure 6. Trigeneration unit components [37].
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The system can supply variable demand by changing engine speed. This strategy is very useful when the heat pump is attending heating or cooling demands.



Every single component has been simulated in TRNSYS to validate and predict their behavior. Finally, it has been modeled to act as a unique set. The system starts and stops depending on heating/cooling load and/or DHW demand.



Electrical system is designed to convert mechanical energy produced by the prime mover into electricity, which can be stored in batteries and used when required. The electrical system’s main components are the alternator, regulator, inverter, and battery bank.



Testing and modeling of the micro-CCHP unit were presented in a previous work [37]. Obtained experimental data reveal a maximum electrical efficiency of 7.63%. Cooling and heating maximum powers are 1.86 kW and 8.17 kW respectively, obtained with an engine speed of 3500 rpm. Mean heating and cooling efficiencies are 89% and 21% respectively. Figure 7 shows the schematic evolution of thermal and electrical power when changing engine speed.


Figure 7. Trigeneration unit schematic experimental performance.
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2.3. TRNSYS Simulation


Micro-CCHP system has been modeled in the TRNSYS (v17.01.0025), transient system simulation tool, according to working conditions described in previous sections. Particularly, typical thermal loads (DHW, heating and cooling) and electric loads are considered for this research.



The system has been split into five blocks, modeled independently and properly connected (storage tank, cooling circuit, prime mover, electrical circuit, and heat pump). This model has been validated in a previous work [37]. The dwelling has been modeled using TRNSYS extension TRNBUILD. Figure 8 shows the general layout of the simulation.


Figure 8. General layout of the simulation in TRNSYS.
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The methodology followed to compare suitability of the micro-CCHP system in the different climatic zones is as follows. First of all, thermal loads of the dwelling were calculated for the different locations. Monthly and annual heating and cooling demands were determined. Following, micro-CCHP model is applied to calculate heating and cooling production necessary to attend thermal demand. The model returns monthly and annual thermal production, besides the electrical production. The system prioritizes and is always capable of satisfying DHW demand, supplied through engine cooling circuit, independently of heating and cooling power provided by the heat pump.





3. Results


Heating and Cooling Demand and Production


Heating demand and production obtained for the different locations under study are shown in Figure 9. Heating load increases when moving from zone A to E. The highest heating demand corresponds to climate zone D2, with an annual demand of 30,224 kWh. This is also the zone where the highest production is achieved, reaching 26,045 kWh. The least demanding zone, as expected, is A3, with 6373 kWh, with a heating production close to 6184 kWh.


Figure 9. Annual heating comparison for the different climatic zones.
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Figure 10 shows heating coverage for the different zones. Coverage is quite high in all the zones, achieving a mean value of 92%. Coverage drops off in extreme weather zones, due to high demand peaks in cool seasons. Regardless, minimum coverage is an acceptable 86%.


Figure 10. Annual heating coverage comparison for the different climatic zones.
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Something similar happens to cooling demand; it increases going from zone 1 to 4, as expected. Figure 11 shows annual cooling demand versus production. Among all zones being studied, B4 is the highest because it is a Spanish climatic zone with a very extreme weather in the warm season.


Figure 11. Annual cooling comparison for the different climatic zones.
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Figure 12 shows cooling coverage for the micro-CCHP system in the different zones. Maximum coverage is in the C1 zone as its cooling demand is very low. The selected dwelling has a large glazed façade, which makes the cooling demand in summer increase compared to other conventional houses. This issue must be taken into account when analyzing cooling coverages. Mild summer weather zones like 1 and 2 are, comparatively, where the micro-CCHP best fits the cooling requirements. These are also zones with a low irradiation.


Figure 12. Annual cooling coverage comparison for the different climatic zones.
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Electrical coverage is also studied for each climatic zone. Electric demand is the same for all the zones, and equal to 4560 kWh as previously mentioned. Figure 12 shows the electrical coverage of the micro-CCHP system in the different zones. Zones with better coverage are those with a more intensive use of the system, which does not imply that thermal coverage is good, i.e., electrical coverage is the highest in the D3 zone, but it is only the third with worse cooling and heating coverage. The C1 and C2 mild weather zones have an electrical coverage of 58% and 59% respectively, which make them very interesting zones to be considered for micro-CHP system suitability.



Finally, operating time is compared for the different zones. As can be observed comparing Figure 13 and Figure 14, operating time is proportional to electrical coverage and production. The C1 and C2 zones, highlighted by their thermal performance, have an adequate operating time (around 50%).


Figure 13. Annual electricity coverage comparison for the different climatic zones.
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Figure 14. Annual operating time.
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4. Conclusions


Once the micro-CCHP system was modeled with experimental data and validated, it was dynamically simulated to analyze its performance in different climatic zones defined in the Spanish CTE. This study reveals that the system is suitable to operate in mild weather zones, like C1 and C2, but not in zones with extreme cooling demands. It was also found from in this study that these zones have an acceptable operating time, around 50%. Heating coverage is high in all the zones and cooling coverage is acceptable in mild weather zones (C1, C2), considering that the detached house has a highly glazed façade.



Micro-CCHP system is suitable in mild weather during the summer season. In order to maximize its potential, it would be interesting to apply the proposed methodology in more northern climates to complement other studies like those by Deutscher Kältetechnik Verein [38]. There is a long tradition in the use of cogeneration systems in the countries of northern Europe, so now that the methodology for assessing the suitability of the micro-CCHP system has been established in this work, it is relatively simple to perform a similar study for various European locations.
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