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Preface 

This thesis report is the result of a master research project for the division Energy Technology of the 
University of Technology in Eindhoven. The project has been carried out under the supervision and in 
cooperation with the Energy research Centre of the Netherlands (ECN) and the University of 
Technology in Eindhoven (TUie). 

The awareness of the majority of the people in the world for the global environment and the influence 
mankind has had and continues to have on this environment has rapidly increased over the last decade. 
Companies and governments are making new binding agreements to reduce the load on the 
environment, by reducing the emission of greenhouse gases and pollution levels. To make this 
possible and to continuously support the transition to a more sustainable environment new 
technologies have to be developed. The Energy research Centre of the Netherlands is the biggest 
independent research institute in the Netherlands where a number of these technologies are being 
developed. One of the business units of ECN focuses on the energy use in the build environment and 
develops new methods to reduce primary energy use in the build environment. 

This research project aims to contribute to the development and finally market introduction of a fairly 
new concept called "micro-trigeneration". Trigeneration basically means one system generates three 
different types of energy output, in this case these are: Heat, cold and electricity. By integrating these 
three forms of generation in one system the losses which occur in one generation process can be used 
as input for another generation system. A well-known example of integration of different systems on 
larger scale is a district heating system. Here the redundant heat coming from a power plant is used for 
space heating and domestic hot water for a large number of houses. 
As the title explains, this project studies the possibilities for trigeneration on micro-scale. In this case 
this means a trigeneration system is developed to provide energy for one house. The project started 
mid October 2006 as part of a four year European project called "PolySMART". This research project 
has run parallel with the first year of the "PolySMART project" Results obtained from this research 
project are being used for design and analysis purposes in one of the demo projects of the 
"PolySMART" project. 
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Abstract 

A micro-trigeneration system is a system in which three energy conversion processes are integrated in 
one system. In this project a system is developed to generate heat, cooling and electricity from natural 
gas. The system will be used to provide in the energy demand for one household. 

In this thesis a rnicro-trigeneration system is investigated with the purpose of aiding in the design of a 
micro-trigeneration system to be build for the PolySMART project at ECN. This research has focused 
on a first analysis of the rnicro-trigeneration system in terms of energy performance and on the 
development of models to analyse and predict the thermal behaviour of the interacting components 
and the energy performance of the system under different operating conditions. 

First a model has been developed with which the potential energy performance of the micro
trigeneration system could be evaluated and compared with that of a reference system. The model uses 
estimates values for the conversion efficiencies and the auxiliary energy use to calculate the primary 
energy use of the system for a given energy demand (Dutch household). The model presented in this 
thesis can easily be adapted to evaluate a micro-trigeneration system with other components. 

From a first analysis a conceptual layout of the micro-trigeneration system has been drawn up, 
containing all major components in the system. For all these components models have been developed 
that include the dynarnic characteristics which are considered relevant for the operation and 
performance of the rnicro-trigeneration system. 

The two main components in this micro-trigeneration system are a Stirling cogeneration unit, which 
generates heat and electricity and a two bed water-silica gel adsorption chiller, which is driven with 
the heat from the Stirling cogeneration unit and generates cooling. Prototypes of these installations are 
currently being developed at ECN. 

Until now no model of a Free piston Stirling engine was publicly available that could predict its 
thermal and electrical behavior in a dynamic system environment and could be used in dynamic 
system simulation models. In this thesis a model has been developed based on information provided 
by the developers of the Enatec Stirling engine that can predict its thermal and electrical behavior 
under different cooling water inlet conditions. Also the electrical and thermal behavior during start-up 
and cool-down is incorporated in the model. Furthermore in the model the bumer heat input can be 
used as control variable to control the thermal and electrical output of the engine. 

The model presented in this thesis for the two-bed adsorption chiller is based on the hydration 
properties of silica gel. The ad-/desorption rate equation together with the mass and energy balances 
for the different parts in the adsorption chiller are used to predict the thermal behavior of the 
adsorption chiller. Heat recovery, by timing of the in- and outlet valves of the sorbent reactors is 
incorporated in the model. The cycle time and time interval between switching of the in- and outlet 
valves of the reactor can be used to control the power output and the COP of the adsorption chiller. 

With the models developed in this thesis simulation studies can be performed easily with the use of 
Matlab Simulink. Simulation results have shown the system model can predict the energy performance 
of the micro-trigeneration system under dynamic loading conditions. 

For future work it is recommended to further validate the models and incorporate auxiliary energy, 
The system model can be used to investigate different hydraulic schemes and different control 
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strategies for the operation of the Stirling cogeneration unit and the adsorption chiller. Furthermore it 
is recommended the system model is to be incorporated in a whole building simulation model to 
further investigate the behavior and performance of the rnicro-trigeneration system under dynarnic 
loading conditions. 
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Samenvatting 

Een micro-trigeneratie systeem is een systeem waarin drie energie conversie systemen geïntegreerd 
zijn in één systeem. In dit project wordt een systeem ontwikkeld voor de generatie van warmte, 
koeling en elektriciteit uit aardgas. Het system zal worden gebruikt om the voldoen aan de energie 
vraag van één huishouden. 

In dit rapport is een micro-trigeneratie systeem onderzocht met als doel ondersteuning te bieden in het 
ontwerp van het micro-trigeneratie dat gebouwd zal gaan worden voor het PolySMART project bij 
ECN. Dit onderzoek heeft zich gericht op een eerste analyse van het micro-trigeneratie systeem in 
termen van energie prestaties en op de ontwikkeling van modellen waarmee het thermisch gedrag van 
de inter-acterende componenten en de energie prestaties van het systeem onder verschillende condities 
voorspeld kan worden. 

Allereerst is er een model ontwikkeld waarmee de potentiële energie prestaties van het micro
trigeneratie systeem geëvalueerd en vergeleken konden worden met dat van een referentie systeem. 
Het model maakt gebruik van algemene geschatte waarden voor de conversie efficiëntie en de 
benodigde hulpenergie om het primair energie gebruik van het system onder gedefinieerde 
omstandigheden (Nederlands gezin). te berekenen. Het model gepresenteerd in dit rapport kan 
makkelijk aangepast worden voor het evalueren van micro-trigeneratie systemen met andere 
componenten. 

Vanuit een eerste analyse is er een conceptueel schema van het micro-trigeneratie systeem gemaakt 
met daarin alle grote componenten in het systeem. Van deze componenten zijn modellen ontwikkeld, 
waarin het dynamisch karakter is meegenomen, waarvan aangenomen wordt dat het relevant is voor de 
werking en de prestaties van het micro-trigeneratie systeem. 

De twee hoofdcomponenten in dit micro-trigeneratie systeem zijn een Stirling warmte-kracht motor, 
die warmte en elektriciteit produceert en een dubbel-bed water-silica gel adsorptiekoeler, welke 
aangedreven wordt met de warmte van de Stirling warmte-kracht motor en koeling genereert. Op dit 
moment worden er prototypes van deze apparaten ontwikkeld bij ECN. 

Tot nu toe was er nog geen model van een vrij-zuiger Stirlingmotor openbaar beschikbaar, waarmee 
het thermische en elektrische gedrag in een dynamische systeem omgeving voorspelt kon worden en 
dat gebruikt kon worden in dynamische systeem simulatie modellen. In dit rapport is een model 
ontwikkeld, gebaseerd op informatie verkregen van de ontwikkelaars van de Enatec Stirling motor, 
waarmee the thermisch en elektrisch gedrag onder verschillende koelwater condities voorspeld kan 
worden. Tevens is het thermisch en elektrisch gedrag gedurende het opstarten en afkoelen van de 
motor meegenomen in het model. Bovendien kan in het model het brander vermogen gebruikt worden 
als om het thermisch en elektrisch vermogen van de motor te regelen. 

Het model van de twee-beddige adsorptiekoeler is gebaseerd op de hydraterende eigenschappen van 
silica gel. De vergelijking voor de snelheid van ad-/desorptie te samen met de massa en energie 
vergelijkingen voor de verschillende onderdelen in de adsorptie koeler zijn gebruikt om het thermische 
gedrag van de adsorptie koeler te voorspellen. Warmte-terugwinning, door timing van de in- en 
uitlaatkleppen van de sorbent reactors, is meegenomen in het model. De cyclus tijd en tijd interval 
tussen het regelen van de in- en uitlaat kleppen van de reactors kan gebruikt worden om het vermogen 
en de COP van de adsorptie koeler te regelen 
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Met de modellen ontwikkeld in dit rapport kunnen gebruikmakend van Matlab-Simulink op een 
gemakkelijke manier simulaties worden uitgevoerd. Simulaties hebben aangetoond dat het systeem 
model in staat is de energieprestaties van het systeem onder dynamische omstandigheden te 
voorspellen. 

Voor vervolg onderzoek is het aanbevolen om de modellen verder te valideren en om hulpenergie the 
integreren in de component modellen. Verder kunnen er in de toekomst met het systeem model 
verschillende hydraulische schema's en verschillende strategieën voor het regelen van de Stirling 
warmte-kracht motor en de adsorptie koeler onderzocht worden. Tenslotte is het aanbevolen het 
systeem model the te koppelen aan een gebouw simulatie model zodat het gedrag en de prestaties van 
het systeem in een dynamische omgeving onderzocht kunnen worden. 
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Chapter 1 

Introduction 

Most of the energy supply in western countries is presently based on fossil fuels. In the past decennia 
the drawbacks of this energy supply have become noticeable. Society is now faced with two major 
problems that arise with the use of fossil fuels for energy production; gradual depletion of the 
available fossil fuel reserve and the environmental issues. The solution to this problem is based on 
three pillars; reduction of the energy need; use of sustainable resources; efficient use of fossil energy 
resources. 

1.1 Background 

The bui Id environment is responsible for 31 % of the total primary energy use in the Netherlands [ 13]. 
This is one of the reasons primary energy reduction in the build environment has become a topic of 
attention. One of the current research activities is focused on integrating the production of different 
forms of energy in one system. Cogeneration, the use of combined heat and power generation, with as 
primary goal the large scale generation of electricity, is already a wide spread technology. The waste 
heat of the electricity plant is used for district heating. Small and medium sized combined heat and 
power generation systems are now starting to become commercially available. Most small and 
medium sized co-generation systems are heat regulated and are used for heating residential and utility 
buildings. Different technologies are under development, such as fuel cells, combustion based 
cogeneration devices (e.g. Stirling engines) and photovoltaic thermal collectors. 

Boiler manufacturers see the Stirling-based micro-cogeneration systems as the successor of the high
efficiency gas-fired boiler and one of the key technologies in the transition to a more efficient 
utilization of the natura! gas suppl y. The use of micro-cogeneration units is expected to reduce the use 
of fossil fuels for heat and power generation and reduce CO2-emissions. Furthermore, generating the 
electricity locally, where it is needed, instead of centra! production of electricity, reduces the load on 
the electricity grid. In the future, this development may improve the reliability of the electricity grid, 
decrease the need for centra! produced electricity and reduce the amount of new cabling required for 
increasing electricity consumption. 
The last decade the demand for cooling in the domestic and tertiary sector is rapidly increasing. The 
number of air-conditioners sold increases an estimated 10 percent a year. To comply with the 
increasing demand for cooling in the domestic sector, cooling can be incorporated in the micro
cogeneration system, creating a micro-trigeneration system. The heat generated by the micro
cogeneration device can be used to drive a thermally driven chiller. A thermally driven chiller uses 
heat instead of electricity to drive the cooling cycle. The efficiency of single stage thermally driven 
chillers is limited in comparison with the efficiency of compression driven chillers. The main 
advantage is that thermally driven chillers can use low quality energy, waste heat, at low to moderate 
temperatures, between 60 and 130 degrees Celsius, instead of high quality energy such as electricity. 
Furthermore the micro-cogeneration unit produces electricity while providing heat for the chiller. 
From an economical viewpoint, adding a thermally driven chi lier will increase the utilization of the 
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micro-cogeneration unit throughout the year and can thereby add to the financial benefits of the micro
generation unit and can shorten its pay-back time. 

In June 2006, the European project "PolySMART" was started to support the development of a new 
market for polygeneration: small and medium capacity trigeneration. "PolySMART" stands for 
"POL Y generation with advanced Small and Medium scale thermally driven Air-conditioning and 
Refrigeration Technology". The project aims to demonstrate the cost-effectiveness and the reliability 
of small-scale combined heat, cooling and power units for a wide range of buildings and industrial 
applications. The implementation plan is spread out over four years. A large part of the PolySMART 
project consists of eight demo-projects conducted in different European countries. One demo-project 
is carried out by ECN and in the first year will involve the design and construction of a prototype of 
the micro-trigeneration system for the Dutch residential sector. The prototype is to be placed and 
tested in one of the research dwellings at ECN. This research project is part of a first step in designing 
and developing the micro-trigeneration system prototype for ECN. 
For the first prototype ECN decided to use a Stirling based cogeneration unit and a water-silica gel 
based adsorption chiller. Because the demo-project at ECN is still in its early stage no definitive 
decisions on component level have been made yet. Furthermore both the Stirling engine and the 
adsorption chiller are still in development stage. 

1.2 Research project 

Main goal of this research project is to create more insight in the working principles of the micro
trigeneration system using a Stirling engine and a water-silica gel based adsorption chiller. A number 
of models describing the system components and their characteristics will be formulated and 
combined to form a system model, which can aid in the design and analysis of the micro-trigeneration 
system. Firstly this model will be used for steady state simulations in order to evaluate different 
hydraulic schemes and to determine the thermal storage sizes to be integrated in the system. Secondly 
the model will be used in dynamic simulations in order to evaluate the system response and assist in 
the development of a control strategy. The goals set for this research thesis are: 

• Develop a model to evaluate the potential energy performance of the micro-trigeneration 
system for the Dutch residential sector and compare it with a reference system. 

• Develop a number of models describing the thermal and electrical behaviour of the system 
components under different operating conditions. Include the dynamic characteristics of 
the components that are relevant for the operation and performance of the micro
trigeneration system. 

• Combine the component models to form a system model that can be used to determine the 
optimal hydraulic configuration, size the thermal storages and evaluate the energy 
performance of the micro-trigeneration system using different control strategies. For 
future purposes the model should be able to be combined with models developed for 
building simulations. 

Next year when the prototype is build and more information on the performance of the components 
and systems is obtained by measurements, the model can than be further improved to predict the 
system behaviour more precisely and to optimize and evaluate different control strategies. Because of 
the limited time frame this falls beyond the scope of this research project. 
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1.3 Thesis outline 

Chapter 2 starts with a description of the energy demand in the Dutch residential sector. The energy 
demand in the Dutch residential sector is quantified for different demands and house types. Based on 
this information and a set of typical values for efficiency of the system components, the primary 
energy use of the micro-trigeneration system is compared with that of a reference system. The energy 
performance of the micro-trigeneration system for its different functions is evaluated. 
In chapter 3 a conceptual system layout is presented showing all major components included in the 
design of the micro-trigeneration system. A modelling strategy is defined which allows for relative 
simpte modelling of the components, without losing to much of the characteristics of the components. 
All components in the conceptual layout are modelled. The models developed for Stirling 
cogeneration unit and the adsorption chiller are described and discussed in depth. 
In chapter 4 a number of dynamic system simulations are performed to evaluate the system 
performance. The influence of different variables on the performance and behaviour of the micro
trigeneration system is analyzed and discussed. In the final chapter conclusions and recommendations 
for future research are formulated. 
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Chapter 2 

Micro-trigeneration system in context 

The main reason for the use of a micro-trigeneration system is to reduce the consurnption of 
conventional energy sources (i.e. fossil fuels and electricity). Therefore, energy performance is a key 
issue when designing the micro-trigeneration system. In order to get insight in the energy performance 
of a micro-trigeneration system, first the primary energy use of the micro-trigeneration system is 
calculated based on general information on the efficiencies of the key components. Secondly the 
primary energy use of the rnicro-trigeneration system is compared to that of a reference system. To 
compare both systems the energy demand for heating, cooling and domestic hot water has to be 
defined. The rnicro-trigeneration system will be placed in Dutch houses. Knowledge of the Dutch 
housing stock and the energy demand is important for defining the annual energy demand per 
category. When the annual energy demand is defined the primary energy use of both systems can be 
compared. 
This comparison will give a first estimate on the energy performance of the rnicro-trigeneration 
system. Although no exact design parameters are determined in this stage, the results of this analysis 
shows the critical points in the design of the system and mark the boundaries of the working range in 
which the micro-trigeneration system's energy performance is positive in comparison with that of the 
reference system. Furthermore this analyses method can be used in general as a tool to compare 
systems containing other components, with other efficiencies, such as PVT and fuel cells, and to 
compare different energy demand scenario's. 

2.1 Energy demand in the Dutch residential sector 

This paragraph describes the energy demand in the Dutch residential sector. The energy demand in the 
Dutch residential sector consists of four functions: Space heating, domestic hot water, electricity and 
space cooling. The energy demand these functions differs per house type, year of construction and 
household. In this paragraph most of the nurnbers used are based on random checks, models and 
expert estimates. This paragraph describes the annual energy demand per function and the state of the 
art technology which is cornmonly used. To characterize the demand per house type a set of different 
house types with different characteristics is presented. More information on the energy demand per 
function and house type and the numbers used to calculate the energy demand for each function are 
presented in Appendix A. It is advised to use caution when using these numbers for calculation or 
modelling purposes. The following figure shows the annual energy demand for the different house 
types: 
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Figure 2. 1: Annual energy demand per function for different house types. 
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Figure 2.1 shows the total energy demand ranges between 84.6 GJ for detached houses to 42.8 GJ for 
the average newly build houses. Main reason for the differences in energy demand between the 
different house types are caused by the average surface area of each house type and energy savings 
measures taken per house type. As a result of the Dutch climate for all house types the energy demand 
for space heating forms the largest part of the annual energy demand and the demand for space cooling 
forms the smallest part. 
Besides the differences in magnitude of total energy demand there is a difference in the ratio between 
the annual energy demand for the different functions. Where for houses build before 1995 the largest 
demand is space heating, for newly build houses the energy demand for space heating and electricity 
are almost the same. Figure 2.2 shows the ratio between energy demand per function for houses build 
before 1995 and houses build after 1995 normalized to the average user surface area of 111 m2

. 

Average house < 1995 
60, 9 GJ 

Average house > 1995 
43,2 GJ 

□ Space heating 

■ Domestic hot water 

o Electricity 

o Space cooling 

Figure 2.2: Ratio between the annua/ energy demand per functionfor old and new houses. 

The study of the energy demand in the Dutch residential sector has shown a significant difference 
exists between the energy demand for the existing housing stock before 1995 and new houses build 
after 1995. Besides the quantity differences in the energy demand per function and in total between 
different house types, also the ratio between the energy demand per function differs per house type. 
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There is still allot unknown about the demand for space cooling in the Dutch residential sector and the 
literature only gives rough estimates. Further studies are needed to give a better estimate for the space 
cooling demand in the Dutch residential sector and the expected development in the future. 

2.2 Energy performance of the micro-trigeneration system 

In this paragraph the application of micro-trigeneration is analyzed to determine what the benefits are 
in terms of primary energy savings. To this end, the use of rnicro-trigeneration is compared with a 
reference situation in which heat, domestic hot water, power and cold are generated separately, which 
is generally the case in the Dutch built environment. Starting point for this evaluation is that the 
systems are connected to the natura! gas and electricity grid. Both systems are considered to be heat 
regulated in the winter and cold regulated in the summer. 

2.2.1 Evaluation method 
The primary energy use of the system is defined as the quantity fossil energy input required for the 
system. It depends on the efficiency of the conversion system and the auxiliary energy required to 
operate, control and transport the energy to the location in the dwelling where it is needed. 
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Figure 2.3: Energy flow diagram/or micro-trigeneration and ref erence situation. 
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Figure 2.3 shows the energy flow diagram for a dwelling. Each demand requires a different set of 
conversion processes. The left side of figure 2.3 shows the conversion processes in case of the 
reference system, separate generation, the right side the conversion processes for trigeneration. Both 
situations use natural gas and electricity from the grid. 
In the case of trigeneration, if not enough power is generated by the cogeneration unit (CHP), 
additional power is supplied by the electricity grid. If the cogeneration unit produces excess power, it 
is delivered back to the grid. Thermal energy storage (TES) is needed for moments that the thermal 
load is higher than the thermal capacity of the trigeneration system. 
To compare energy performance of micro-trigeneration (also called Combined Heating, Cooling and 
Power CHCP) with separate generation the primary energy use of both systems for the same annual 
energy demand is evaluated. The annual energy demand for an average old and new house as defined 
in paragraph 2.1 is used as input for the evaluation. Furthermore genera! values for conversion 
efficiencies of the system components and auxiliary energy use are required. Table 2.1 presents the 
values used in the evaluation (for more information see Appendix A). 
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Parameter 

riHEBH 

riHEBDHW 

COPcc 

11CPP 

11CHPH 

riCHPEL 

riCHPDHW 

COPmc 

fH,AUX,REF 

foHW,AUX,CHCP 

fc,AUX,REF 

fH,AUX,CHCP 

foHW,AUX,CHCP 

fC,AUX,CHCP 

Description 

Efficiency gas-fired HE boiler for space healing 

Efficiency HE-boiler for DHW (incl. heat losses in distribution) 

Efficiency Compression Cooler 

Efficiency Central Power Produclion 

Thermal efficiency CHP unit for space healing 

Electrical efficiency CHP unit 

Thermal efficiency CHP unit for DHW (incl. heat losses in storage and distribulion) 

Efficiency thermally driven cooler 

Fraclion auxiliary energy for healing with reference system 

Fraction auxiliary energy for DHW with reference system 

Fraction auxiliary energy for cooling with reference system 

Fraclion auxiliary energy for healing with CHCP system 

Fraclion auxiliary energy for DHW with CHCP system 

Fraction auxiliary energy for cooling with CHCP system 

value 

0.97 

0.70 

4.00 

0.39 

0.86 

0.13 

0.63 

0.60 

0.05 

0.02 

0.05 

0.05 

0.04 

0.24 

Table 2.1: Typical efficiency valuesfor the system components used in the micro-trigeneration system and the 
reference system All efficiencies are based on higher healing values HHV. 

7 

The absolute primary energy saving (PES) is defined as the difference between the primary energy 
use (PE) of the reference system and the trigeneration system. 

PESabs = PEref - PECHCP 2.1 

The relative primary energy saving is defined as the absolute primary energy saving divided by the 
primary energy use of the reference system. 

PES I = PESabs = J - PECHCP 
re PEref PEref 

2.2 

The following equation is used to calculate the primary energy use of the reference system for a given 
annual energy demand (D), the primary energy use is defined per function: 

PEr,f =DH[_J_+JH,AUX )+DDHW[ J +JDHW,AUX)··· 
77HEB,H T/cpp 77HEB,DHW T/cpp 

2.3 

+D -----+JC.AUX +D --
( 1 " ) ( 1 ) 

c COPcc · TJcPP 17cPP EL T/cpp 

The primary energy use per function is the annual demand divided by the conversion efficiency plus 
the fraction of the demand required for auxiliary energy, divided by the efficiency of central power 
production. The primary energy use of the micro-trigeneration system is also defined per function: 

Confidential 



8 

1 
(Y/c11P.EL )] 1 ( Y/C/fP,EL )] 

PE _ D _ . __ 1_ f11 .Aux _ Y/c11PJ1 D . 1 + fouw .Aux _ Y/c11P.011w 
CIICP - 11 + ~--~ + Df/W ''. 

Y/cnP.TH Y/cpp Y/cPP Y/c11P.011w Y/cpp Y/cpp 
2.4 

+ De 1 + f c.Aux _ COPmc Y/c11P. 11 + Da 

1 
( ] Y/c11P.EL )] 

COPmc · Y/cnP.H Y/cpp Y/cpp Y/cpp 

While providing in the demand for space heating, domestic hot water and space cooling, the CHP unit 
will also produce electrical power. This power can be seen as primary energy saving and is therefore 
subtracted from the primary energy use. 

2.2.2 Results 
Using the values in table 2.1 both systems are evaluated. In Figure 2.4 the primary energy savings for 
old and new houses as a function of the efficiency of the centra} power production is displayed 

20% 

--Rel. PES fraction space healing 

15% --Rel. PES fraction DHW 

- - Rel. PES fraction space cooling 

~ 10% 
~ 

--Rel. PES total 

Cl) 
w 

5% a.. 
Q) 

> 
i 
ai 0% 
0::: 

0. 0.30 0.35 0.40 0.45 0.50 0.55 

-5% -

-10% 
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Figure 2.4: Primary energy saving for old and new houses versus the efficiency of centra/ power product ion. The 
vertical dotted line denotes the assumed default efficiency of centra/ power production in the Netherlands. 

Currently electrical power is centrally produced at an average efficiency of 39 % (HHV) [ 18]. At this 
efficiency the relative primary energy savings for old and new build houses are respectively 9.3 and 
5.0 %. The reason for this large difference is the ratio between the thermal and power demand. 
Because new houses require significantly less energy for space heating the cogeneration unit will 
produce less power and more electricity from the grid will be required, resulting in a lower primary 
energy saving. The micro-trigeneration system has a better energy performance when used in old 
houses than in new houses. 
Figure 2.4 also shows the primary energy savings will decrease when the efficiency of centra! power 
production increases and will even reduce to zero when the efficiency of centra! power production 
reaches 54 % for new houses and 67 % for old houses. New large electricity plants using combined 
steam and gas turbines (STEG) can reach an efficiency of 55 %. Were this the case for all electricity 
plants in the Netherlands, the primary energy savings of the micro-trigeneration system with the 
assumed characteristics would not be significant. 
Figure 2.5 shows the composition of the relative primary energy savings for an average house as a 
function of the efficiency of centra( power production. 

Confidential 



9 

20% 

--Rel. PES fraction space healing 

15% --Rel. PES fraction DHW 

-- Rel. PES fraclion space cooling 

~ 
10% 

~ 

--Rel. PES total 

en 
w 

5% a. 
Q) 

-~ -a; 
0% ai 

a:: 1 
0. 0.30 0.35 : 0.40 0.45 0.50 0.56 

1 

-5% 

-10% 

Efficiency central powerproduction, r,CPP (-) 

Figure 2.5: Relative primary energy savings contribution per functionfor an average house versus the efficiency 
of centra/ power production. The vertical dotted line denotes the assumed default efficiency of centra/ power 
production in the Netherlands. 

It shows the micro-trigeneration system saves energy when producing space heating and domestic hot 
water, but uses more energy for space cooling than the reference system. Although the cooling demand 
is only 5.2 % of the total energy demand the effect it bas on the total energy performance of the micro
trigeneration system is significant. There are two reasons the energy use for space cooling with the 
micro-trigeneration system is relatively high. The first reason is the relatively low coefficient of 
performance (COP) of the silica gel-water adsorption chiller, see table 2.1. This means that heat from 
the cogeneration unit is lost, strongly reducing the advantage of cogeneration. Secondly the auxiliary 
energy required for space cooling with the adsorption chiller is very large, 24 percent. The largest 
component of auxiliary energy use for space cooling is the energy needed for the removal of waste 
heat to the outdoor air. The pump and fan needed for the removal of waste heat are responsible for 55 
percent of the total auxiliary energy use (see Appendix A). The function of space cooling can be 
considered the most critica! for the energy performance of the micro-trigeneration system. 

20% ,------..__----------------------------, 

--COP=0.4 

COP = 0.5 1----------="'-=--------':::,,_-.::::::----j 

COP=0.6 

-30% +-----~ --COP= 0.7 1-----------------=-::::-----j 
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-40% -~----~---------------------------~ 

Annual energy demand for space cooling [GJ) 

Figure 2. 6: Relative primary energy saving j àr different coefficients of performance of the adsorption chili er 
versus the annual energy demand for space cooling. The vertical line denotes the annual energy demand f or 
space cooling estimatedfor an average Dutch house, 3. 1 GJ or 5 % of the total energy demand. 
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In figure 2.6 the relative primary energy saving for different coefficients of performance for the 
adsorption cooler versus the annual energy demand for cooling is presented. The COP of the 
adsorption chiller has a large effect on the relative primary energy savings. A low COP results in a 
steep decline of the relative primary energy savings when the annual cooling demand increases. For 
the estimated COP of 0.6 for the silica gel-water adsorption chiller the energy savings will reduce to 
zero when the cooling load becomes l 0 GJ which would be 14.8 percent of the total energy demand 
(keeping the other energy demands the same). For this reason the COP of the adsorption chiller is 
considered to be one of the optimization criteria for the design of the micro-trigeneration system, 
together with the auxiliary energy use. 
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Figure 2. 7: Re/ative primary energy saving for different coefficients of performance of the adsorption chili er 
versus the e/ectrical efficiency of the micro-cogeneration unit. The vertica/ line denotes the assumed current 
electrica/ efficiency of the Enatec Stirling CHP unit. 

The other main optimization criterion for the system design is the efficiency of the micro-cogeneration 
unit. Figure 2. 7 shows the relative primary energy savings for different coefficients of performance of 
the cooler versus the electrical efficiency of the micro-cogeneration unit. lt is assumed the total 
efficiency of the micro-cogeneration unit remains constant, thus the thermal efficiency reduces linear 
with increase of the electrical efficiency. This will increase the utilization of the co-generation unit 
further increasing the primary energy savings, explaining the inclining slope in figure 2.7. The effect 
the COP of the adsorption chiller has on the relative primary energy saving reduces with a rising 
electrical efficiency of the micro-cogeneration unit. At low electrical efficiencies the influence of the 
COP of the adsorption chiller is significant. 
Together both criteria define the working range of the micro-trigeneration system. To keep the relative 
energy performance of the micro-trigeneration positive, the minimum electrical efficiency of the 
micro-cogeneration unit should be within 3% and 10 % for a COP of the adsorption chiller 
respectively between 0.8 and 0.3. 

2.3 Discussion 

The results in paragraph 2.2 have shown the relative energy performance of a micro-trigeneration 
system using a Stirling cogeneration unit and a silica gel water adsorption chiller is limited, given the 
assumed characteristics. Main reasons for this are the low coefficient of performance of the adsorption 
chiller, the high auxiliary energy required to remove waste heat from the adsorption chiller and the low 
electrical efficiency of the Stirling micro-cogeneration unit. 
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Although the energy demand for space cooling is only 5 % of the total energy demand, the function of 
space cooling has a large effect on the energy performance of the rnicro-trigeneration system and can 
reduce the primary energy savings to zero. In an evaluation the lower limits for efficiency of both 
components are defined. Figure 2.8 shows lower lirnits for the efficiency of the Stirling micro
cogeneration unit and the adsorption chiller for primary energy saving set at different values. 
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Figure 2.8: Limits for coefficient of performance of adsorption chi/Ier and electrical efficiency micro
cogeneration unit. Solid lines indicates a relative primary energy saving of 0, JO, 20, 30 and 40 %. Dashed line 
indicates the nomina/ electrica/ efficiency of the micro-cogeneration unit to be used in the Po/ySMART demo 
project. 

Operation of the system under the nil line should be prevented for it means the micro-trigeneration 
system is perforrning worse than the reference system. With a nomina! electrical efficiency of the 
micro-cogeneration unit of 13% and an expected COP of the adsorption chiller of 0.6 the relative 
primary energy savings of the micro-trigeneration system will be marginal. 
In principle the Stirling cycle is capable of much higher efficiencies than what is assumed here. 
Stirling-based micro-generation developers are already talking about > 17% electrical efficiency and 
they expect significant further improvements in the coming years. Together with innovative solutions 
for re-cooling which require less auxiliary energy, the potential in terms of relative primary energy 
savings of the micro-trigeneration system is expected to increase the coming years, making micro
trigeneration an interesting option. 
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Chapter 3 

System modelling 

In the previous chapter it has been concluded the lirnited performance of the micro-trigeneration 
system when operating in cooling mode can have a large impact on the total primary energy use and 
can reduce the primary energy saving significantly or even to zero. In order to optimize the 
performance of the micro-trigeneration system, reducing the energy use of the micro-trigeneration 
system under cooling load conditions is crucial. The minimum efficiencies for operation of the Stirling 
unit and the adsorption chiller have been determined (see paragraph 2.3). 
The objective is to configure the hydraulics of the micro-trigeneration system in a way the combined 
performance of the Stirling CHP unit and the adsorption chiller is optima!. Therefore the system 
components are modelled in a way their behaviour and efficiency under different operating conditions 
can be determined. 
In the first paragraph the modelling strategy used for modelling the micro-trigeneration system is 
discussed. The second paragraph presents a conceptual system layout. This layout shows all 
components and couplings which can be incorporated in the design of the micro-trigeneration system. 
The Stirling cogeneration unit and the adsorption chiller are considered to be the main components 
which actively control the energy conversion processes in the micro-trigeneration system. The next 
paragraphs describe the working principles and the models developed for the Stirling cogeneration 
unit and the adsorption chiller. The models used to describe the other components and the load 
conditions are described in Appendix B. 

3.1 Modeling strategy 

The purpose of modeling the components in the micro-trigeneration system is to be able to integrate 
the components into one micro-trigeneration system and evaluate its performance on system level. The 
models presented in this chapter can for following design steps: 

• Evaluate different hydraulic configurations 
• Determine thermal storage sizes necessary 
• Development of a control strategy 
• Future design changes 

With this in mind the modeling strategy adopted for modeling the components focuses on the 
interaction between the components. i.e.: heat/ mass flows, operation efficiencies and time dependent 
behavior. The inner workings of the individual components are only of interest when necessary to 
understand system behavior. 
Instead of a first-principle modelling approach a "grey box" modelling strategy is chosen. In grey box 
models, the model structure reflects partial knowledge of the underlying system. The form and 
parameters for the individual model equations describing the associated physical processes are derived 
from comparison with easily obtainable empirica! data or extracted from more detailed models. First
principle equations used to describe a process are calibrated using empirical data. A grey box model 
approach can be interpreted as a mix of a first principle based model and an empirica! derived model, 
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where instead of validating the model with data, data is used to calibrate and fine tune the model for 
the specific situation. 
For the grey box model the components are broken down into smaller control volumes. For instance 
for the Stirling engine: the burner, the Stirling engine and the cooling water. Each functional 
component is described as a control volume. The physical processes occurring in that control volume 
are described using equations, either theoretically based or empirically based, coupling the input to the 
output of the volume. After each control volume is modelled in this way, the models are implemented 
and linked to form one system which is then analyzed under different load conditions. 
Furthermore dynarnic behaviour is modelled in a simple manner. Dynarnic behaviour which affects 
performance and/or other components wil! be incorporated in the models. The dynarnic behaviour of 
components with a relatively quick response is assumed to have no effect on the system performance 
and/or other components and wil! therefore be neglected. 
Although the auxiliary energy use is an important factor in the energy performance of the rnicro
trigeneration system, the auxiliary energy use of the components is momentarily not taken into 
account in the models of the micro-trigeneration system. Reason for this is the main components of the 
micro-trigeneration system are still under development and exact auxiliary power requirements for 
these components under different operating conditions are not known yet. Furthermore the hydraulic 
scheme of the micro-trigeneration system is not determined yet, therefore the number of pumps and 
the auxiliary energy they require is also unknown. Therefore instead of integrating the required 
auxiliary power in the models, the auxiliary power can be estimated using the number of operating 
hours of a component and multiplying this with the estimates for auxiliary energy used in chapter 2 
(see Appendix A.6). 

3.2 Conceptual system layout 

From first analysis of the micro-trigeneration system, a conceptual system layout is drawn up, which 
provides the starting point for the modelling strategy and hydraulic configurations. The conceptual 
system layout as shown in figure 3.1 is divided into three elements: 

1. Outdoor environment 
2. Energy conversion 
3. Indoor environment 

For the conceptual design of the micro-trigeneration system this research focuses on the second 
element: the energy conversion. From the other two elements only the air temperature ( outdoor 
environment) and the load conditions (indoor environment) are of interest. The load conditions on an 
annual basis were determined in chapter 2. For configuration and sizing of the rnicro-trigeneration 
system steady state and daily load profiles will be considered. 
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Figure 3.1: Conceptual system layout of the micro-trigeneration system 

In the energy conversion element multiple subsystems are identified, forming the building blocks of 
the hydraulic layout of the micro-trigeneration system. Each subsystem contains one or more 
components. The following subsystems are identified: 

1. Stirling cogeneration unit: 
Consists of the Stirling engine and condensing heat exchanger. The Stirling engine is driven by 
heat from a gas-fired bumer and cooled by cooling water from the hot water storage. The 
remaining heat in the tlue gases is withdrawn in a gas-tluid heat exchanger. The electric and 
thermal efficiency under different circumstances is to be determined. 

2. Multiple hot water storage(s): 
Consists of three water storages. In the conceptual system layout one large hot water storage tank 
is depicted containing three temperature levels (low, medium and high) this is done because hot 
water at three temperature levels will be required. Space heating requires hot water between 30 
and 50 °C depending on the distribution system. Domestic hot water is to be heated to at least 60 
°C to prevent Legionnaires infections. The adsorption chiller requires hot water between 70 and 90 
°C. The level of integration of these storages is to be determined. 

3. Adsorption Chiller: 
Consists of an adsorption chiller. Heat is provided by hot water and converted into cold by the 
adsorption chi lier. The cold side of the adsorption chiller withdraws heat from chi lied water. Heat 
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is rejected to outdoor air by a dry-cooler. The thennal characteristics and the COP is to be 
detennined. 
In the chilled water loop a storage can be incorporated to lower temperature tluctuations in the re
cooling water loop to the adsorption chiller. The need fora chilled water storage depends on the 
distribution system used. When an air-based system is used tluctuations in the chilling power can 
cause uncomfortable temperature fluctuations in the supplied chilled air. When tloor cooling is 
used, tluctuations in chilling power will be (partly) absorbed by the large thennal capacitance of 
the tloor. 
In the recooling water loop to the adsorption chiller it may be necessary to incorporate a water 
storage. Fluctuations in temperature of the re-cooling water during switching in the batch process 
of the chiller can have a negative impact on the energy performance of the adsorption chiller. 
The water in the re-cooling loop flows through a dry-cooler, which consists of a fluid-gas heat 
exchanger, rejecting heat to ambient air by forcing the air through the heat exchanger by a fan. 

The hot, cooling and chilled water storages in the subsystems are considered to have the same 
thennodynamic and dynamic characteristics and are therefore described by one genera! model of a 
thennal storage unit (see Appendix B.3).In the conceptual system layout all subsystems are connected 
by arrows representing the hydraulics which are considered important in the design of the micro
trigeneration system. 

3.3 The Stirling cogeneration unit 

In the conceptual system layout the Stirling cogeneration unit is divided into two components: The 
Stirling engine and a gas-water heat exchanger. From a system level perspective the heat input, the 
cooling water output and the electricity output are of interest. The model has to predict these energy 
tlows. Internal flows and dynamics are simplified as much as possible or are empirically detennined. 
The cogeneration unit implemented in the ECN PolySMART demo project will probably be the 
Enatec free piston Stirling cogeneration unit currently under development at ECN. Empirica! data 
from this engine is used to create the model of the Stirling engine. 
Before the model is presented a short description is given on the workings of the free piston Stirling 
cogeneration unit. The thermodynamic principles of the engine and the coupling with the linear 
alternator are discussed brietly in order to qualitatively explain the characteristics of the Stirling 
cogeneration unit under different conditions. 

3.3.1 Description of the Stirling cogeneration unit 
A free piston Stirling engine is a regenerative closed cycle engine, meaning a working gas, usually 
helium or hydrogen is heated and cooled externally and the working gas is enclosed in a cylinder. The 
free piston Stirling engine essentially consists of three components, a heavy piston, a light displacer 
and a cylinder, sealed at both ends. The working space is the part of the engine above the piston and is 
divided into the compression space between the piston and the displacer and the expansion space 
above the displacer. The expansion space is externally heated with a burner and the compression space 
is externally cooled by cooling water. The displacer forces the working gas from the compression 
space to the expansion space through a regenerator. The regenerator is usually a porous metal mesh 
which acts as a heat buffer that heats up when the working gas flows from the expansion space to the 
compression space and cools when the working gas flows from the compression space to the 
expansion space. The pressure changes in the working space create an oscillating motion of the piston 
which is attached to a load [20]. In case of the free piston Stirling cogeneration unit, the piston drives 
the mover of a linear alternator. The mover and the stator of the linear alternator convert the 
mechanica! energy into electricity. Figure 3.2 shows the principle of the free piston Stirling 
cogeneration unit. 
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Figure 3.2: left: Principle of the free piston Stirling cogeneration unit [19]. Right: One of the first Enatec 
prototypes free piston Stirling cogeneration unit developed at ECN. 

An advantage of free piston Stirling engines is the fact the engine has no cranks or rotating parts and 
has very small lateral forces. The piston and displacer are not mechanically linked, allowing them to 
move freely. The only connection between the cylinder and moving parts of the engine is provided by 
very stiff flexure stacks which keep the moving parts aligned and provide the resistance force 
necessary to create the oscillating motion of both the piston and the displacer. Furthermore, with no 
sliding or rotating penetration through the casing, the casing of the Stirling engine can be hermetically 
sealed. These two characteristics of the free piston Stirling engine create a very robust system which 
can run maintenance free for a long period of time and therefore is ideal for combined power and heat 
generation [20]. 

3.3.2 Working principle of the Stirling cogeneration unit 
In this paragraph the working principle of the free piston Stirling cogeneration unit is explained. First 
the thermodynamic cycle of the free piston Stirling engine is explained and the most important driving 
forces and losses are identified. Secondly the working principle of the linear altemator is described. 
Finally the coupling between the linear altemator and the free piston Stirling engine is discussed and 
the connection's intluences on the different parameters are discussed. 

Working principle free piston Stir/ing engine 
The ideal thermodynamic cycle of a Stirling engine consists of four distinct steps: Figure 3.3 shows 
the T-S and the P-V diagram for the ideal Stirling cycle and the Camot cycle. The real cycle is 
represented by the oval shape inside the ideal thermodynamic Stirling cycle in the P-V diagram as it 
actually progresses with a continuous sinusoidal movement. 
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Figure 3.3: left: The T-S diagram/or the ideal Stirling cyc/e and the Carnot cyc/e (shaded area). Right: The P
V diagram of the ideal Stirling cyc/e, the Carnot cyc/e (shaded area) and the real Stirling cyc/e (gray oval). 
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1-2 Isothermal compression. The decrease in pressure in the working space cause the 
flexure stacks to drive the piston up. This compresses the gas in the working space. 
The heat released during compression, Qc. is transferred to the cooling water. The 
compression of the gas needs little energy because of the relative low pressure of the 
working gas due to the low temperature 

2-3 Constant volume heating: The gas in the working space is heated, Qh, and expands 
moving the displacer down. The displacer moves more of the working gas from the 
cold compression zone to the hot expansion zone. Passing through the regenerator the 
gas is heated, which results in a further increase of pressure in the working space. 

3-4 Isothermal expansion: Due to the increase in pressure the piston moves down and the 
gas expands. During expansion the gas adsorbs more heat from the bumer, which 
delays the pressure drop. Because of the relative high pressure of the working gas 
during the expansion a large amount of energy is transferred to the piston. 

4-1 Constant volume cooling: The decrease in pressure in the working space cause the 
flexure stacks to move the displacer up again, moving most of the gas from the hot 
expansion zone to the cold compression zone. The gas cools when it moves through 
the regenerator. As a result the pressure will drop further. 

The ideal thermodynamic cycle: The fact that the heat supply and the heat rejection is at a constant 
temperature satisfies the requirement of the "Second law of Thermodynamics" for maximum thermal 
efficiency, so that the maxi mal efficiency of the Stirling cycle is the same as efficiency for the Camot 
cycle. The advantage of the Stirling cycle over the Camot cycle lies in the replacement of two 
isentropic processes by two constant volume processes, which greatly increases the area of the P-V 
diagram and reduces the necessity for very large pressure inside the engine. At nominal conditions 
(cooling water of 40 °C) the working pressure of the helium inside the engine is approximately 39 bar. 
The difference between the real and ideal Stirling cycle is mainly caused by the following real cycle 
characteristics: 

• Non-isothermal expansion/ compression due to limited heat transfer. 
• Limited heat transfer in the regenerator. 
• Heat leak by conduction from the hot end to the cold end. 
• Dead volume in the cylinder and regenerator. 
• Mechanical and aerodynamic friction effects. 

The ratio between the thermal efficiency of the engine and the theoretical Camot efficiency is called 
the relative efficiency. Well designed Stirling-cycle engines typically operate at a fraction between 0.4 
and 0.6 of the theoretica! Camot efficiency. (21]. 

The movement of the power piston and the displacer in a free piston Stirling engine is almost 
harmonie. The motion of the power piston and the displacer can therefore be described by a sine wave 
with a amplitude and angle. Figure 3.4 shows the power piston, P, ideally lags 90 degrees behind the 
motion of the displacer, D. A phase angle of 90 degrees will create the largest pressure changes inside 
the working space and therefore will result in a large power output of the Stirling engine. If the phase 
angle between the displacer and piston motion reduces the power output of the Stirling engine will 
decrease. If the displacer and the power piston move in phase the power output of the Stirling engine 
will reduce to zero. In reality the optimal phase angle is around 70 degrees due to pressure losses in 
the regenerator. The phase lag of the power piston on the displacer depends on the temperatures of the 
Stirling head and the cooling water. As the temperature difference between the hot and cold side of the 
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Stirling becomes smaller the phase angle between the power piston and the displacer will become 
smaller, reducing the power and efficiency of the Stirling engine. 

2 

o· 90• 180" 
• 
vo· 

Figure 3.4: Motion of power piston, P, and dis placer, D, during one engine cycle. Left the movement of power 
piston and the dis placer in the engine. Right: The motion angle of the power piston and displacer. The red area 
represents the volume of the expansion space, VE, the blue area the volume of the compression space, Vc [19]. 

Working principle linear alternator 

o· 

The linear alternator consists of a stator and a mover. The stator consists of a large nurnber of copper 
windings. The mover consists of three permanent magnets and is connected to the power piston. The 
linear alternator converts the mechanical power into electrical power with a relatively constant 
efficiency of 0.8. The linear alternator is coupled directly to the grid with a so called "grid-box". 
Because the linear alternator is coupled directly to the grid the frequency and amplitude of the mover 
and the power piston are fixed at the grid voltage of 230 V and frequency of 50 Hz. 
As a result the engine will only run optimal at a single working point, when the phase angle between 
the power piston and the displacer is optimal. With a maximum heat input of 8 kW the Enatec Stirling 
engine will have its optimal efficiency at a cooling water temperature of 40 °C. At lower cooling water 
temperatures the amplitude of the power piston is at its maximum, at higher cooling water temperature 
the phase angle between the power piston and the displacer will become smaller, and the efficiency of 
the engine reduces. 
lt is expected the prices for external variac electronics, variable-turns voltage transformer, will go 
down in the nearby future. With the use of external variac the amplitude of the mover and power 
piston become adjustable variables. This will allow the phase angle between the power piston and the 
displacer to remain constant. In this case the efficiency of the engine is fully determined by the Stirling 
head temperature and the cooling water temperature, the efficiency of the Stirling engine can then be 
approximated by a constant fraction of the Carnot efficiency. An article about another free piston 
Stirling engine designed for domestic application, the Sunpower EG-1000 FPSE, equipped with an 
external variac, states the following facts : The engine efficiency is approximately 58 % of the Carnot 
efficiency. The electrical power output of the engine stays at a constant level of approximately l kW0 

independent of the cooling water temperatures [23). 

3.3.3 Modeling of the Stirling cogeneration unit 
For the modeling of the micro-trigeneration system the internal dynamics of the Stirling engine and 
the linear alternator are of less interest. For building and system simulations no grey box model for the 
Enatec Stirling bas been developed in the past. The model presented in this paragraph wil! therefore be 
based on a modelling method presented in ECBCS Annex 42 of the International Energy Agency [25). 
The related report is still under development and the modelling method hasn 't proven to be consistent 
yet. Data on the performance of the free piston Stirling cogeneration unit is provided by the developers 
of the Enatec free piston Stirling cogeneration unit at ECN. The following model will be used to 
model the free piston Stirling cogeneration unit: 
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Figure 3.5: Modelfor Stir/ing cogeneration unit. Four control volumes are dejined: The energy conversion 
process, the engine, the cooling water and the gas-fluid heat exchanger. The dashed line marks the Stir/ing 
engine. 
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Figure 3.5 shows the Stirling cogeneration unit divided in four control volumes: The energy 
conversion process, the engine, the cooling water and the gas-fluid heat exchanger. The model 
developed for the gas-fluid heat exchanger is presented in Appendix B.l. The following subsections 
state the equations used to describe the control volumes in the Stirling engine. A number of these 
equations are based on information obtained from personal communication with the developers of the 
Enatec Free piston Stirling. The empirica! correlations presented here are only valid for cooling water 
inlet temperatures between 0 and 100 °C. 

Energy conversion process: 
The steady state energy balance for the energy conversion control volume is defined as: 

q burn = q ss + p el + q exh 3.1 

Where, qburn is gross heat input coming from the buming of fuel and air, q ss is the recoverable heat to 
the Stirling, P.1 is the electrical output of the system and q exh the total heat of the combustion air. The 
burner used in the Stirling cogeneration unit is a radiant ceramic bumer. In genera!, the convective 
heat transfer increases with increasing bumer power. However, radiative heat transfer, decreases at 
high specific bumer power and at increasing air-factors. The air-factor n is fixed by a venturi intake 
manifold at 1.2. The bumer power can be varied between 4 and 8 kW (LHV). The following linear 
relation between the total fraction of heat, to the Stirling head and the bumer power exists [26]. This 
relationship is based on cooling water temperatures of 40 degrees Celsius: 

1lq,ss,burn = -0,02qburn + 0,6 3.2 

Where, Y/q,ss"burn is the fraction of heat from the burner to the Stirling head. Variation in the cooling 
water temperature has an effect on the intemal losses in the Stirling engine. At low cooling water 
temperatures heat loss to the cooling water through conduction will be larger than at high cooling 
water temperatures. To correct the heat input to the Stirling engine for the cooling water outlet 
temperatures T cw.o other than 40 °C the following equation is used [27Fout! Verwijzingsbron niet 
gevonden.]: 
1'/q .ss .cw = -1,4098 · JO-J '[,, ..,_

0 
+ 1,4394 3.3 
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Where Y/q ,ss"cw is the dependency of the fraction of heat from the bumer to the Stirling head on the 
cooling water temperatures. The total fraction of heat transferred from the bumer to the Stirling head 
can now be defined as: 

T/ q ,ss = T/ q ,ss ,burn · T/ q ,ss ,cw 3.4 

The recoverable heat to the engine is defined as the heat to the Stirling head minus the electrical output 
of the engine. 

3.5 

lt is assumed all losses in the engine eventually dissipate in the form of heat in the engine control 
volume. By subtraction of Pei all energy losses are taken into account. The rest of the heat exits the 
energy conversion control volume in the form of hot product gases (approximately 1000 °C). The heat 
in the product gases can therefore be defined as: 

qexh = (1-T/q ,ss hburn 3.6 

In paragraph 3.3.2 it was discussed that the Stirling cycle is comparable to the Camot cycle in that its 
maximum efficiency is also directly linked to the temperatures of the hot and cold reservoir. To 
maximize the efficiency the Stirling head is kept at the maximum allowable material temperature of 
approximately 600 °C. The temperature of cooling water through the Stirling engine depends on the 
operation of the rest of the micro-trigeneration system. At full load conditions the burn er is controlled 
to keep the Stirling head at its maximum operating temperature of approximately 600 °C. the cooling 
water being the only variable. The maximum bumer power, qburn,max is limited and can be correlated to 
the cooling water temperature and defined by the following empirical correlation [27]: 

2 
qburn,max = -0,25~w,out + 149.07~w,out -14167 3.7 

The electric efficiency Y/el of the Stirling engine depends on the total efficiency of the bumer, the 
Stirling engine and the linear altemator. The efficiency of the linear altemator can be assumed 
constant [29]. At part load conditions when bumer power is reduced, the Stirling head temperature 
reduces and the efficiency of the Stirling engine reduces. Because the fraction of heat to the Stirling 
heat will be higher at part load conditions, the electrical efficiency as function of the bumer power 
remains almost constant. Therefore the electrical power efficiency of the Stirling engine can be 
defined as a function of the cooling water temperature only. The following empirical correlation is 
used to define the electrical efficiency of the Stirling cogeneration unit [27]: 

T/el =-9.58JJJ.J0-6 ~w,ou/ +5.3812·JO-JT',;w,out -0.62036 3.8 

The electrical power output can now be defined as a function of the bumer heat input qburn• 

P,, = q burn • T/ el 

Engine contra/ volume: 

3.9 

For modelling the thermal behaviour of the Stirling engine a single, homogeneous control volume is 
used instead of the subcomponents, as the Stirling engine head and the linear altemator. The thermal 
energy stored in this control volume is quantified using an aggregate thermal capacitance, [MC]eng and 
an equivalent average engine temperature Teng· The energy balance for the engine control volume then 
becomes: 

[ l dT,mg 
MC --= - -ng dt q stirling q hx q loss 3.10 

Where qhx is the rate of heat transfer to the cooling water (W) and q1oss is the rate of heat loss of the 
unit to its surroundings (W). The thermal capacitance is determined by the material and the weight of 

Confidential 



21 

the subcomponents. In this model it is assumed the Stirling engine weighs 15 kg and is made entirely 
of aluminium. The [MC] eng then becomes 13200 J/K. The thermal mass of the linear altemator which 
weighs 48 kg and is made of steel, is not taken into account. The heat generated in the linear altemator 
in the conversion of mechanical energy in to electrical energy transferred to the air flowing past the 
casing of the linear altemator to the bumer. It is assumed the rate of heat transfer qhx between the 
engine control volume and the cooling water control volume is proportional to the temperature 
difference between the temperature of the engine control volume and the temperature of the cooling 
water control volume: 

qhx =UAhx(T,mg -T,,w_o) 3.11 

The rate of heat loss to the surroundings is presumed to be proportional to the temperature diff erence 
between the engine control volume and the surroundings: 

qloss = UA/os)T.mg -Tamb) 3.12 

Cooling water control volume: 
The energy balance for the cooling water control volume is: 

[Met d~;-0 = [mcplJrcw,i -Tcw.J+ qhx 3.13 

,where [MC}cw is the thermal capacitance of the cooling water inside the engine and in thermal contact 
with the engine. Tcw,i is the temperature of the cooling water entering the engine and Tcw,o is the bulk 
exit temperature. [mcp]cw is the thermal capacity flow rate associated with the cooling water in (WIK). 

Operating modes: 
Equations 3.1 to 3.10 decribe the thermal and electrical characteristics of the Stirling engine during 
normal, steady state operation. Beside normal operation, three other modes of operation of the Stirling 
engine can be identified displaying different electrical characteristics than the normal operation mode; 
warm-up, cool-down and standby mode. Thermal characteristics of the engine can still be described by 
equation 3.10 - 3.13. The electrical behaviour of the Stirling engine during these operating modes is 
described in the following subsections. 

Warm-up: 
When warming up the Stirling engine is heated with the maximum bumer power of 8 kW (LHV). 
Because in the beginning of the warm-up period the engine is still relatively cold the frequency of the 
power piston in the Stirling engine is lower than the grid frequency. After 5 minutes the frequency of 
the Stirling engine is approximately 50Hz and the engine is coupled to the grid. The electrical output is 
350 W at that moment. From 5 to 15 minutes the Stirling engine will reach its normal electrical power 
output, which depends on the cooling water inlet temperature (see equation 3.9). It is assumed the 
delay in coupling of the Stirling engine to the grid will not have a large impact on the total electrical 
power production and is therefore not taken into account in the model. The following equation is used 
to describe the electrical power generated by the engine during warm-up: 

( 
T,,ng - Tamb J p -p el.warm-up - el,ss T -T 

eng.nom amb 

3.14 

,where Tamb is the temperature of the ambient environment. Teng.nom is the nominal engine temperature. 
Pet.ss is the electrical power output under normal steady state operation. 

Cool-down: 
When the bumer is switched off the engine will start to cool-down and the electrical power will drop. 
Because of the regulations by the utility companies conceming the maxima! allowable reactive 
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current, the engine is uncoupled from the grid after approximately 3 minutes. For the electrical power 
output during cool-down the same equation as for the electrical power output during warm-up is used. 
The uncoupling of the of the Stirling engine during cool-down is taken into account in the model. 

Standby: 
After a cool down period of 10 minutes the fan will be shut down and the engine will cool down until 
it reaches room temperature or cooling water temperature if cooling water is remaining to be pumped 
through the engine. During standby, the electrical output of the engine is zero. 

Parameter Value 
MC,ng 13200JIK 
MCcw 1735 JIK 
UAhx 31.8 WIK 
UA1oss 3.3 WIK 
T,ng,nom 383.J5K 
Tamb 298.J 5 K 
Table 3.3. 1: Values for parameters used in the model of the Stirling engine. 

3.3.4 Results 
The equations for the different control volumes and operating modes are coupled and solved 
numerically in Matlab Simulink. In this paragraph the thermal and electrical characteristics of the 
Stirling cogeneration unit are presented and discussed. First the behavior under normal operating 
conditions is discussed. Secondly behavior of the Stirling cogeneration unit under different operating 
modes is presented. 
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Figure 3.6: Thermal and electrical characteristics of the Enatec Stirling engine under normal operationfor 
cooling water in/et temperatures rangingfrom O to 100 °C and a nomina/flow rate of JO //min. l eft : Thermal 
and electrical power input and outputs versus the coo/ing water in/et temperature. Right: The electrical power 
output and the electrical efficiency versus the coo/ing water in/et temperature. 

Figure 3.6 shows the thermal and electrical power input and output decrease with higher cooling water 
inlet temperatures. As the bumer power reduces to keep the Stirling head below its maximum 
temperature, the power and heat outputs also reduce. The curve for the heat transferred to the cooling 
water shows a rapid decrease of 1 kW at cooling water inlet temperatures between 40 and 60 °C. Here 
the cooling water leaving the engine approaches the dew point temperature of exhaust gas and less 
water vapour condenses in the gas-fluid heat exchanger until the cooling water from the engine has 
risen above the dew point temperature of the exhaust gases. The right graph of figure 3.5 shows the 
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electrical output of the Stirling engine drops from l.l kW at the nominal temperature of 40 °C to 300 
Wat 100 °C. Over the same range the electrical efficiency shows a decrease from 13.5 to 5 %. 
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Figure 3. 7: Thermal and electrical characteristics of the Enatec Stir/ing engine under part /oad operation of the 
burner(0.5 to 1.0, with a constant interval o/0.1, of the maximum burner heat input of 8kW) / or coo/ing water 
in/et temperatures rangingfrom O to 100 °C and a nomina/flow rate of JO //min. Left: Electrical power output. 
Right: The heat transferred to the coo/ing water. 

In figure 3.7 the electrical power output and the heat transferred to the cooling water fora part load 
operation of the burner from 0.5 to 1 are presented. In the left graph it can be seen the electrical power 
efficiency remains the same causing the electrical power output to decrease linearly with the burner 
power. In the right graph it is shown that under part load operation of the bumer the heat transferred to 
the cooling water rises slightly at the higher cooling water inlet temperature. This is caused by the 
lower electrical power efficiency at higher cooling water inlet temperatures. Both graphs show the 
lines representing part load operation of 0.8 and 0.9 merge with the line representing full load at 
cooling water temperatures above 80 °C the lines. Here the safety control of the bumer takes over to 
keep the temperature of the Stirling below its maximum temperature. 
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Figure 3.8: Warm-up, normal and cool-down operation of the Stirling cogeneration unit/ or cooling water in/et 
temperature of 40 °C over a total time interval of 60 minutes. The burner is started after 5 minutes and stopped 
at 40 minutes. l eft: Therma/ and e/ectrica/ power in- and outputs. Right: Out/et temperatures of the coo/ing 
water and the engine temperature. 
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Figure 3.8 shows the heat to the cooling water instantly rises and drops when the burner is turned on 
and off. (left graph). This is caused by the modeling method of the gas-fluid heat exchanger, which is 
only modeled as steady state. lt is assumed the heat exchanger has a quick response time and the 
dynamic behavior of the gas-fluid heat exchanger can then be neglected. The electric power output 
from the Stirling rises according to equation 3. l 3 and reaches its the normal operation output when the 
engine temperature reaches its nominal value of l 10 °C (see right graph). after 15 minutes. The right 
graph shows the cooling water exiting the Stirling engine during normal operation is about 3 °C higher 
than the cooling water inlet temperature, this is equal toa heat transfer of approximately 2.5 kW. The 
largest part of heat is transferred in the gas-fluid heat exchange, approximately 4.5 kW , causing the 
temperature of the cooling water to rise to 50 °C. 
During cool-down it can be seen (left graph) that the electrical power output decreases from l kW to 
approximately 650 W during 3 minutes and then instantly reduces to zero because the engine is 
decoupled from the grid. After shut-down of the burner the engine cools down to cooling water inlet 
temperatures in approximately 20 rninutes (right graph). Reason for this relative rapid cooling is the 
fact the cooling water is cooling the engine as can be seen in the heat transfer to the cooling water after 
shut-down of the burner (left graph). When the pump controlling the cooling water flow is turned off 
simultaneously with the burner the cool down rate of the engine would decrease significantly for the 
engine is well insulated. When started again a warmer engine will cause the electrical power output to 
reach its normal value quicker than when the engine is cold. Thus increasing the energy performance 
of the Stirling cogeneration unit. 

3.4 The adsorption chiller 

The adsorption chiller control volume in the conceptual system layout shows the control volume has 
three input and output flows : Hot water, re-cooling water and chilled water. The model presented in 
this paragraph should predict these flows. ECN decided the adsorption chiller in the micro
trigeneration system will be designed to deliver 2.5 kW of chilling power. Before a model is created 
which describes the characteristics of the adsorption chiller a description of the two bed silica gel
water adsorption chiller is presented and thermodynamic cycle is discussed in order to explain in short 
the working principle. 

3.4.1 Description of the adsorption chiller 
The prototype to be used in the PolySMART ECN demo project hasn't been developed yet, so no 
experimental data is available to be used to validate or calibrate the model. lnstead experimental data 
from an earlier 5 kW prototype based on the same principle developed at ECN is used to calibrate the 
model. After calibration the model is scaled down to 2.5 kW to be used in the design of the micro
trigeneration system. Figure 3.9 shows two prelirninary prototypes. The first prototype is 3 m3

• The 
PolySMART prototype will be far more compact, approximately 0.36 m3 (24). 

Figure 3.9: Lefi the first SOCOOL prototype of 5 kW currently stationed in lta/y. Right: A second prototype of 
2.5 kW current/y being developed at ECN. 
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Most refrigeration devices use mechanica! compression to drive the chilling cycle. Instead of 
mechanica! compression, the hydration properties of silica gel are used to drive the chilling cycle. 
Silica gel adsorbs water vapor at low temperatures and pressures and releases the water at higher 
pressures and temperatures. The two bed silica-gel adsorption chiller consists of two reactors filled 
with silica gel, a condenser and an evaporator. The reactors are batch operated as shown in figure 3.10. 
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30"C 25"C 30"C 

90"C 25 "C 25"C 

Hot- Coolingwater Cooling water 
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Figure 3.10: Schematic drawing of a two bed adsorption chi/Ier. 
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The left graph of figure 3 .10 shows Sorbent reactor 1 heated by the hot water circuit and water desorbs 
form the silica gel The water vapor flows from sorbent reactor 1 to the condenser. The water coming 
from the condenser is collected in a U-tube and from their flows in the evaporator. Sorbent reactor 2 is 
cooled by the cooling water circuit, water vapor flows from the evaporator to sorbent reactor 2 where 
it is adsorbed by the silica gel. The right graph shows the sorbent reactors connected and operated 
visa-versa from the left figure. 
The beds that hold the silica-gel are standard radiators covered with a fine wire net to keep the silica 
gel grains (0.2-1 .0mm) inside the heat exchanger. The valves between the reactors and the condenser 
and evaporator are either time controlled valves or pressure controlled valves. The two silica beds 
operate in counter phase. This results in a more continuous evaporation of water in the evaporator and 
therefore in a more continuous chilling power output. To improve the efficiency of the adsorption 
chiller extemal heat recovery is used to minimize switching losses. Heat is recovered by keeping a 
time interval of 30 seconds between the switching of the outlet valves and the inlet valves of the 
reactors. This avoids energy losses due to the mixing of hot water from one reactor with the cooling 
water circuit and the cooling water from the other reactor with the hot-water circuit. 

3.4.2 Working principle of the two bed silica gel-water adsorption chiller 
The adsorption chili er is a closed system which means there is no mass flow in or out of the system. 1t 
contains water / water vapor as refrigerant fluid. The system operates at pressures between 10 and l 00 
mbar. Each reactor is connected to the condenser and the evaporator with a pressure valve which 
opens when the pressure in the reactor is higher respectively lower than the pressure in the condenser 
and the evaporator. 
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Figure 3.11: /deal sorption cycle displayed in the isosteric diagram of silica gel SORBSJL A. 

In figure 3 .11 the ideal sorption cycle is shown. The ideal sorption cycle is composed of four steps: 

l-2 : lsosteric heating: The silica bed is heated by the heating water flowing through the 
heat exchanger, causing the pressure and temperature in the silica to rise. All valves to 
the reactor are closed, so no vapor flow is present and the weight percentage water in 
the silica bed will remain constant. 

2-3: Isobaric desorption: The valve between the reactor and the condenser is open. The 
silica bed is heated continuously, causing water to desorb from the silica-gel, the 
weight percentage water in the silica bed drops. The water vapor flows from the 
reactor to the condenser where it condenses. The heat from condensation is transferred 
to the recooling water flow through the condenser. 

3-4: Isosteric cooling: All valves to the reactor are closed. The desorbed silica gel is cooled 
by recooling water flowing through the heat exchanger. The weight percentage water 
in the silica bed remains constant. 

4-1 : Isobaric adsorption: The val ve between the reactor and the evaporator is open. The 
silica gel adsorbs the water vapor from the evaporator. The heat for evaporation of 
water supplied by the chilled water flow through the evaporator. The silica-bed 
continuously cooled causing the silica-gel to adsorb more water vapor and the weight 
percentage in the silica-gel rises 

Figure 3.11 gives an indication on the performance that can be expected from the adsorption chiller. 
The number of isosteres enclosed by the adsorption cycle gives an indication on the work performed 
by the system, hence the chilling power that can be provided. lt shows the isosteric lines are more 
dense around the re-cooling water temperature than around the heating water temperature. Higher re
cooling water temperature will therefore have an larger negative impact on the performance of the 
adsorption chiller than lower heating water temperature. Lower chilling water temperatures will also 
cause the cycle to move out of the dense area of isosteres. 

3.4.3 Modeling of the adsorption chiller 

In order to derive a mathematica! model to characterize the workings of the adsorption chiller the 
adsorption chiller is divided in a number of control volumes. Figure 3.8 shows the model used to 
describe the silica-gel water adsorption chiller. 
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In figure 3.12 six control volumes are defined: Reactor water control volume, reactor control volume, 
condenser control volume, condenser water control volume, evaporator control volume and the 
evaporator water control volume. Both reactors are identical, therefore only one is depicted here. The 
solid lines show the flows during isosteric heating and desorption. During this period heating water 
flows through the reactor water control volume. The dashed lines show the flows during isosteric 
cooling and adsorption. During this period recooling water flows through the reactor water control 
volume. 
The complexity and the number of equations for the components in the chiller, especially the 
complexity of the adsorption rate equation make solving the model analytically very difficult and in 
most cases only numerical solutions can be obtained. Therefore a simplified transient model is used 
which can be solved in a relative simple manner and is tested to be accurate enough to represent and 
predict the performance of the adsorption chiller [29].A number of assumptions are made to simplify 
the model: 

l. The adsorption/ desorption process is assumed to be an isobaric process. 
2. The temperature and pressure of the water vapor are assumed uniform over the entire control 

volume. 
3. The heat losses to the environment are neglected. 
4. The temperature and pressure are assumed uniform in the entire silica gel bed 
5. The pressure difference between the silica-gel bed and the water vapour pressure in the 

condenser or evaporator is neglected. 
6. lt is assumed there is no hysteresis between the adsorption and desorption process and the 

silica-gel behaviour is the same independent of the direction of the reaction. 
7. After enough heating / cooling time or recovery time the adsorption/ desorption capacity is in 

equilibrium. 
8. The mass of the water vapour in the adsorption chiller is neglected. 
9. The dependence of specific heat capacity on temperature is neglected. 
l 0. The dependence of adsorption heat and heat of evaporation on pressure are neglected. 

With these assumptions the ad-/desorption rate equation and the energy and mass balance equations 
appropriate for each control volume are derived. Based on assumptions 4 and 5, the momentum 
equations can be neglected. 
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Adsorption / desorption rate equation: 
The amount of vapour adsorbed by the silica gel is proportional to the total mass of the silica gel and it 
depends on temperature and pressure of the bed and the nature of the silica gel and the adsorbate, in 
this case water. Adsorption or desorption will occur until an equilibrium is reached between the water 
vapour pressure and the pressure of the water in the adsorbed stage. The adsorption or desorption rate 
is considered to be controlled by macroscopie diffusion [29]. The adsorption/ desorption rate dqldt is 
then a function of: 

3.15 

,where q is the present weight percentage water in the silica gel and q* is the weight percentage water 
in the silica gel at equilibrium [29) 

q• = F(P,T) 3.16 

,where P is the pressure and T is the pressure in the silica gel. In literature various equations which 
provide an analytica! expression to calculate the equilibrium weight percentage of an adsorbate in an 
adsorbent have been found. These equations use empirically determined parameters based on 
experiments or manufacturers data of the adsorbent. In literature on adsorption processes involving 
silica gel and water three equations are found that are often used. These equations are compared with 
the manufacturers data on the silica gel to determine which equation approximates the data the best. 

• = A(P,a,(T))B 
q P(T) :Freundlich equation, parameters A 

and B constant [29] 

:Freundlich equation, parameters A 
and B temperature dependent [29] 

Dubinin-Astakhov equation, 
parameters A and B temperature 
dependent [30] 

3.1 7 

3.18 

3.19 

,where Psat is the saturation vapour pressure of water and P is the pressure in the silica gel at 
temperature T. The parameters A and B are conjugated parameters and are fitted to match the 
manufacturers data in the temperature range from 0 till 100 °C. In the equations where A and B are 
assumed temperature dependent, a second degree polynomial fit was used to correlate the parameters 
to the temperature. The following figure shows the results obtained by the equations in comparison 
with the manufacturers data for a isotherm at 50 °C. 
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Figure 3.13: Natura/ logarithmic of weight percentage q versus the natura/ /ogarithmic of the pressure ratio 
between the saturation pressure of water vapor and pressure in the silica gel at a temperature of 50 °C. 
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Figure 3.9 shows both Freundlich equations give alrnost the same result. The Dubinin-Astakhov 
equation with temperature dependent parameters shows the best result. In the working range of the 
adsorption cycle this equation predicts the equilibrium weight percentage water in the silica-gel with a 
relative maximum error of 8 percent at wt 28%. Therefore in the model of the adsorption chiller this 
equation is used to calculate q •. Parameters A and B are given by the following second degree 
polynomial: 

A(T)=a1T
2 +a2T+a3 

B(T) = b1T
2 + b2T + b3 

The numerical values for a1 - a3 and b1 - b3 are listed following table. 

Parameter Value 
a1 -2.2166e-005 
a2 l.0329e-002 
a3 -2.5836 

b1 -l.4044e-005 
b2 7.5229e-003 
b1 -4.3525e-00J 
Table 3.2: Values of parameters used to calculate A and B. 

It is assumed the adsorption/desorption rate can be described using a linear driving force equation 
(LDF). The adsorption/ desorption rate is assumed proportional to the difference between the 
equilibrium and present state [29). Equation 3 .15 can now be written as: 

dq ( • ) -=k q -q 
dt s 

3.20 

,where the overall mass transfer coefficient ks for adsorption and desorption is temperature dependent 
and is given by the Arrhenius equation[29]: 

Confidential 



30 

k =(15Ds),)-E7Rr,) 
s R2 

p 

3.21 

, where Ea denotes the activation energy and R denotes the specific gas constant. Rp is the average 
radius of a silica gel particle and Ds is the surface diffusivity. The silica gel particles used in the 
SOCOOL prototype is SORBSIL A and have a radius between 0.1 and 0.5 mm. The average radius of 
the silica gel determined by comparing the model results with the SOCOOL performance data. (see 
paragraph 3.4.4). For the parameters in equation 3.20 and 3.21 the following values are used 

Parameter Value 
Ea 4.2e4 J/mol 
R 8.314472 mol/K 
D, 2.54"-4 m,/s 
Ro 2.5e-4 m 

Mass balance equation 
The two-bed silica gel adsorption chiller is a closed system. Therefore the total amount of water 
remains constant. Assumption 7 and 8 reduce the mass balance equation to: 

dMw + M (dqdes + dqads) = 0 3.22 
dt O dt dt 

, where Mw is the amount of water in the liquid phase. Ma is the amount of silica gel in each reactor and 
dqa<Jsidt and dqde!dt are the changes in weight percentages water adsorbed by silica gel during 
respectively the adsorption and desorption. The largest part of the liquid water is collected in the U
tube outside the adsorption chiller (see paragraph 3.4. l ), here it cools from condenser temperature to 
room temperature and finally enters the evaporator. Because the largest part of the liquid water is in 
the U-tube it is assumed the effect of the small amount of water in the condenser and evaporator on the 
energy and mass balance equations can be neglected. 

Energy balance equations 
In the equations presented in this section the following subscript are used to represent the control 
volumes presented in figure 3.12. Subscripts r,c,e represent in following order the reactor, condenser 
and evaporator control volume. Subscripts rw,cw,ew represent in following order the reactor water 
control volume, the condenser water control volume and the evaporator water control volume. 

Using assumption 4 and 10 the energy balance equation in the reactor control volume can be described 
by [29]: 

(M,c, +Msi/Csil +Msilcp,wqads,deJdJ =UA,{Trw,av -T,)+Msilhads dq;,,des ... 

-ö(M (r -T )dqads,des ) suc p,wv ,,ads eva dt 

3.23 

The left side shows is the total sensible temperature change of the accumulated mass and specific heat 
of the heat exchanger in reactor, the silica gel, and the adsorbed water. The first term on the right hand 
side is the heat exchange between the reactor and the water flowing through the heat exchanger, the 
reactor water control volume. The second term is the amount of adsorption heat either negative during 
desorption or positive during adsorption. The last term is only appropriate during adsorption, then 
water vapour adsorbed by the silica gel is heated to the temperature of the reactor. 
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The following equation describes the energy balances in the condenser control volume [29]: 

(M c )d~ =UA (T -T)-M .h dqdes -M c (r -T )dqdes 3.24 c c dl c cw,av c s1/ vap dt s1/ p,wv r,des con dl 
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The left side is the total sensible temperature change of the condenser. The first term on the right side 
is the heat exchange with the cooling water flowing through the condenser, condenser water control 
volume. The second term is the heat of condensation and the third term is the sensible heat transfer 
due to the temperature difference between the water vapour and the condenser. 

The energy balance in the evaporator control volume can be expressed as [29]: 

(MecJ dTe = UAe(~wav -TJ-Msilhvap dqads 
dt · dt 

3.25 

The left side is the total sensible temperature change of the evaporator. On the right side the first term 
is the heat transfer between the water flowing through the evaporator, evaporator water control 
volume. The second term is the heat of vaporization. 

The energy balance in the reactor, condenser and evaporator water control volume can be expressed by 
the following equation [29]: 

M rw,cw,ewc p,w dTrw;;·ew,av = mrw.cw.ewcp.w(Trw,cw.ew,;n -T rw,cw,ew,ou1 )-UA,,c,e (T rw,cw.ew.av -T,,c,e ) 
3.26 

T . +T T = rw,cw,ew,m rw,cw,ew,out 
rw,cw,ew,av 

2 
The left hand side shows the change of the average temperature of the water control volume. The first 
term in the right hand side is the heat entering and leaving the control volume. The second term is the 
heat exchange between the water control volume and the control volume in question. 

3.4.4 Results 
The adsorption rate equation and the energy and mass balance equations for the control volumes are 
coupled and solved numerically in Matlab Simulink .. The values used for different model parameters 
are presented in Appendix C.1 . 
Before being scaled to resemble the 2.5 kW adsorption chiller, the model is calibrated and compared 
with test results from the SOCOOL 5kW adsorption chiller. The model was calibrated to deliver 
approximately the same power output under the same conditions as the SOCOOL 5 kW prototype. 
From equation 3.21 it follows the average radius of the silica gel particle has a large influence on the 
ad- / desorption rate. The radius of the silica gel particles in the experiments is between 0.1 and 0.5 
mm. The model showed good resemblance with the experimental results using an average particle size 
Rµ of 0.25 mm. 
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Figure 3.14: Chilling power and COP versus cyc/e time at in/et temperatures Th,ating 85 °C, T recooling 25 °C, T chilling 

15 °C. leji: Simulation results obtained with an average particle size, Rp, of 0.25 mm. Right: Experimental 
results from the SOCOOL 5 kW prototype. 

In figure 3 .14 the results from the simulation and the experiments are shown. Bath figures show an 
optimum for the chilling power at a cycle time of 10 minutes. Langer cycle times provide a higher 
COP but lower chilling power. At langer cycle times the difference between the water content in the 
silica gel and the equilibrium water content in the silica-gel will become smaller resulting in a lower 
rate of ad-/ desorption (see equation 3.19). Shorter cycle times result in more switching operations per 
hour. Although heat recovery is performed, heating and cooling of the sorbent reactors will still have a 
negative impact on efficiency of the adsorption chiller. 
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Figure 3.15: Chilling power and COP versus cyc/e time at in/et temperatures Th, ating 87 °C, T,, cooling 25 °C, T chilling 

12 °C. l eft: Simulation results obtained with an average particle size of Rp=0.25 mm. Right: Experimental 
results from the SOC OOL 5 kW prototype. 

Figure 3.15 shows bath the COP and the chilling power are below the experimental results. A possible 
reason for this difference is the fact the model assumes the output temperatures and flow rates of the 
flows through the control volumes are instantly affected by changes at the inlet. This results in large 
peaks in the thermal power for heating and cooling of the sorbent reactors. Figure 3.11 shows the 
thermal power for heating the sorbent reactor has a peak of 30 kW. In reality this peak is much lower, 
because it takes approximately l O seconds for the flow to pass through the heat exchanger of the 
reactor. Besides the lower COP the model showed good resemblance with the experimental results. 
But also a number of differences where found. Due to the limited experimental data on the SOCOOL 
prototype , the exact reasons for these differences could not be determined. The following reasons are 
most likely to have contributed to the differences between the model and the experimental results: 
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• In the model it is assumed the vapor pressure in the silica gel is the same as in the evaporator 
or condenser. In reality the vapor pressure in the reactor is some what higher than in the 
condenser or evaporator due to flow restrictions inside the silica bed. 

• At small temperature differences between the evaporator and the adsorbing reactor the ratio 
between the saturation pressures in the evaporator and adsorbing reactor approximates one. In 
this area the equilibrium equation (3.17) predicts an higher equilibrium than the 
manufacturer's data resulting in a higher chilling power. 

• Experimental results reported on the SOCOOL prototype were limited and incomplete [17]. 
• A number of model parameters that have been based on literature possibly differ from the 

SOCOOL prototype. 

More figures for comparison between the results of the model and the experimental results of the 
SOCOOL 5 kW prototype are presented in Appendix C.2. 

Sealing of the model 
The prototype for the PolySMART project wilt be a 2.5 kW adsorption chiller, half the power of 
SOCOOL prototype. For the model to resemble the new prototype, the masses in the control volumes, 
the overall heat exchange coefficients are divided by two. It is assumed the ad- and desorption rate 
equations will remain unaffected by the sealing of adsorption chiller. 
In the PolySMART prototype the intemal valves will be self regulating pressure controlled valves 
instead of time controlled valves as in the SOCOOL prototype. This change in the design is also 
adopted in the model for the 2.5 kW adsorption chiller. Simulation results <lid not show large 
differences in performance or difference in thermal behavior between the two designs. 

Simulations of 2.5 kW adsorption chiller 
The results from a number of simulations runs of the model under steady state conditions are presented 
here. Secondly the time-dependent thermal behavior is presented These results will give information 
on the performance of the 2.5 kW adsorption chiller in the micro-trigeneration system under different 
operating conditions. The values used for the model parameters are presented in Appendix C.l. The 
following operating conditions were applied in the simulations. 

Water circuit Flow rate [//min] Standard in/et Tempera/ure ranges 
temperatures [°CJ in simu/ations [°C] 

HeatinJZ water reactor JO 80 60-100 
Re-coolinJZ water reactor 10 25 20-60 
Re-coolinJZ water condenser 7 25 20-60 
Chillinf! water evaporator 7 17 5-25 

Table 3.2: Simulation operating conditions for water circuits 

First an optimal cycle time is determined by varying the cycle time over a range of 2 minutes to 30 
minutes. The left graph in figure 3.16 shows the chilling power P chill has maximum of 2.4 kW at a 
cycle time of 11 minutes. To compromise between the COP and the chilling power the cycle time is 
set at 15 minutes. A cycle time of 15 minutes will improve the COP without allowing the chilling 
power to drop too much below the 2.5 kW design value of the new prototype. 

Confidential 



34 

3 . 

2.7 · 

2.4 

2.1 · 

~:,a 
= 1.5 

~ 1.2 

0.9 · 

0.6 · 

0.3 ~ · 

;.. 
0.5 g; 

.... . . 0.4 (.) 

0.3 

0.2 

5 . 

4.5 · 

4 

3.5 . . 

[ 3 

= 2.5 · 
~ 2 . 
a.. 

1.5 · ,------'-"'r--.è: 

1 . 1------1 

~--~1 
- P Chilllng 0_9 
- - - COP 

.. . 0.7 

0.6}: 

· · · 0.5 g; 
0.4 (.) 

0.3 
· . . . .. 0.2 

0~ 05 01 

0'---~-~--~-~--,..__-~ 10 15 20 25 ~ 02Lo -===2c::5 =:.........30 __ ..... 35 __ _;_40__::::::;:4 ..... 5__:~ 5l 
0 5 

cycle time [min] Trecool rei 
Figure 3. 16. Left: Chilling power, Pchill, and COP versus cycle time under standard operating conditions. Right: 
Chilling power, Pchi/1, and COP versus in/et temperature of the recooling water . 

As was already suggested in paragraph 3.4.2, the right graph in figure 3.16 shows the chilling power 
depends strongly on the re-cooling temperature. The chilling power rises almost linear with the 
decrease of re-cooling water inlet temperature, while the slope for COP levels somewhat. This 
behaviour suggests that in this area the ad- / and desorption process is not the limiting factor, but the 
switching of the heating and re-cooling flow though the sorbent reactors is. The right graph in figure 
3. l 6 also shows a strong dependence of the chilling power on chilling water inlet temperatures. 
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Figure 3. 17. Left: Chilling power, Pchill, and COP versus in/et temperature of the chilling water. Right: Chilling 
power, Pchill, and COP versus in/et temperature of the healing water. 

The left graph of figure 3 .17 shows the dependency of the chilling power on the chilling water inlet 
temperature more closely. Both the chilling power and the COP rise linear with the chilling water inlet 
temperature. To keep chilling power above the 2.0 kW the chilling water temperature should not fall 
be low 14 °C. The right graph of figure 3. l 7 shows the heating water inlet temperature has little 
influence on the COP of the adsorption chiller. This suggests that the heat transfer during heat 
recovery is large enough for the effect heat recovery has on the COP of the chiller to remain constant. 
The time interval between switching of the inlet and outlet valves can therefore be set constant . The 
graph also shows an increase in the decline rate of the chilling power when the heating inlet 
temperatures decreases. The is due to the fact the silica gel temperature difference between two 
consecutive isosters becomes larger with higher temperatures. Therefore the influence of the heating 
water inlet temperatures on the desorption rate, and thus the chilling power, will decrease with rising 
heating water inlet temperatures. For the chilling power to remain above 2 kW the heating water inlet 
temperatures should be kept above 70 °C. 

Confidential 



35 

--Outlet temp. condenser flow 

-- Outlet temp. evaporator flow -- Pchillng 

--Outlet temp. healing reactor flow -- Phealing 

Outlet temp. recooling reactor flow -- P oooling condenser 

80 

ü 60 IL 
Q) ... 
::, - 40 «I ... 
Q) 
0. 
E 20 Q) 
1-

0 
150 160 170 180 160 170 180 

Time [min] Time [min] 

Figure 3.18: Time dependent behavior of the 2.5 kW adsorption chi/Ier model. Left: Out/et temperatures of both 
reactors, condenser and evaporator during two cycles of 15 minutes. Right: Thermal power for healing the 
sorbent reactor, coo/ing of the condenser and chilling of the evaporator during two cycles of 15 minutes. 

Figure 3.18 shows the outlet temperatures and thermal power during 2 cycles. The left graph shows 
the effect of the switching of the sorbent reactors on the heating water and re-cooling water outlet 
temperatures of the reactors. An interval time of 30 seconds between the switching of the inlet and 
outlet valves has shown to give good results in the simulation. In the left graph it is shown that due to 
switching the peak in the thermal power for heating is large compared to the peaks in the thermal 
power for the condenser and evaporator. The graphs shows the chilling water outlet temperature and 
chilling power remain fairly stable during the cycle expect for a very short moment after switching of 
the sorbent reactors in let temperatures. The temperatures of the re-cooling water leaving the condenser 
and the thermal power for cooling the condenser show larger fluctuations. The reason for this is found 
in the difference between the desorption and adsorption rate during the cycle. As shown in figure 3.11 
(paragraph 3.4.2) the temperature difference between the isosters at the beginning of the desorption 
process (step 2-3) are much smaller than the temperature differences between the isosters at the 
beginning of the adsorption process (step 4 -1). This causes the desorption rate to be large at the 
beginning and small at the end of the desorption process. For the adsorption process the opposite 
holds. A high desorption rate means large amounts of water vapor will condense in the condenser. 
Thus explaining the relatively large fluctuations in temperature of the re-cooling water and the thermal 
power required for cooling the condenser. Simulations have shown the thermal behavior of the 
adsorption chiller becomes stable within 2.5 cycles independent of the initial conditions. 

3.5 Discussion 

In this chapter the models required to describe the behavior and performance of all components 
contained by the subsystems in the conceptual system layout were developed. The auxiliary energy 
was not integrated in the component models, hut can be calculated by multiplying the auxiliary energy 
use estimates from Appendix A.6 with the time of operation. 

The modelling strategy applied in this chapter has proven to provide a good handle for modelling of 
the components, especially the Stirling cogeneration unit. With the use of a combination of empirica! 
correlations and first principle thermodynamics the thermal and electrical behaviour of the Stirling 
cogeneration unit could be predicted without intricate knowledge on the inner workings of the engine. 
Because the thermal characteristics of the adsorption chiller are directly linked to the hydration 
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properties of the silica gel, the modelling of the adsorption chiller incorporates more first principle 
based equations. A real validation of the models presented in this chapter could not be performed do 
the lirnited availability of experimental data. The modelling method and the models presented in this 
chapter were discussed with the developers of the Enatec Stirling and the two bed water-silica gel 
adsorption chiller. Because of the relative simplicity of the models, the models can easily be adapted 
to fit the characteristics of new prototypes without having to take invasive measurements and knowing 
detailed design specifications. 

The simulation results of the Stirling cogeneration unit show the electrical efficiency of the Enatec 
Stirling will drop fast at increasing cooling water temperatures. The thermal output drops 
approximately 1 kW when the cooling water temperatures leaving the Stirling engine become higher 
than the dew point of the exhaust gases. Thermal power output reduces further because of the limited 
maximum burner heat input at high cooling water temperatures. The electrical and thermal efficiency 
are only valid for cooling water inlet temperatures of 40 °C and below. 

The simulation results of the adsorption chiller show the thermal power output strongly depends on the 
chilling water and re-cooling water inlet temperatures. For optimal performance the chilling water 
inlet temperatures should be as high as can is allowed by the space cooling end system. The end 
system used in the PolySMART project will therefore be a floor cooling system. Because of the large 
area the chilling water temperature is allowed to be higher than in an air cooling system. The re
cooling water inlet temperature should be as low as possible. Based on the dry-cooler presented in 
appendix B.2. the re-cooling water inlet temperature of the adsorption chiller will be approximately 5 
°C above the outdoor temperature. In order to provide a minimum of 2.0 kW chilling power under 
normal operating conditions the heating water inlet temperatures has to be higher than 70 °C. 
Simulation results predict the adsorption chiller will have a COP of 0.5. In chapter 2 the COP value 
used was 0.6. 

Overall in this chapter several variables were found to have a relatively large effect on the 
performance of the Stirling cogeneration unit and the adsorption chiller. These variables should 
therefore play a central role in control strategies for the micro-trigeneration system. 
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Chapter 4 

System simulation and analysis 

Chapter 3 presented all the models for the components in the micro-trigeneration system. The models 
are placed together in a Matlab Simulink library to form a toolbox from which different system models 
can be build (see Appendix D). In this chapter one optional system model is simulated. Main objective 
is to show the system model can be used to analyse the micro-trigeneration system as a whole and to 
make a number of recommendations conceming sizing of thermal storages in the system and system 
control strategy .Do to the limited time frame of this research project only two design parameters will 
be analyzed in this chapter. 

4.1 Simulation setup 

The component models developed in chapter 3 still allow a large number of system choices to be made 
conceming sizing of thermal storages and the optima! control strategy. The following parameters are 
expected to have a significant influence on the energy performance of the micro-trigeneration system 
during periods cooling is required. 

1. The thermal storage size between the Stirling cogeneration unit and the adsorption chiller. 
2. The control strategy of Stirling cogeneration unit. 

Firstly, the Stirling cogeneration unit and the adsorption chiller have a rnismatch in power, optima} 
operation temperatures and flow rate. The simulation results in chapter 3 show the thermal power 
output of the Stirling is higher than the consumed thermal power of the adsorption chiller. This will 
possibly result in excessive on/off switching of the Stirling engine possibly lowering the electrical and 
thermal efficiency. Secondly the temperature fluctuations in the hot water loop between the Stirling 
and the adsorption chiller due to the batch process in the adsorption chiller can have a negative impact 
on the durability of the Stirling engine. A thermal storage is preferable but a large thermal storage will 
have significant heat losses and will require extra space. Another way to compensate for the thermal 
power difference between the Stirling cogeneration unit and the adsorption chiller is by reducing the 
Stirling bumer heat input. 
In order to evaluate these parameters a number of design choices are made to provide a context for the 
simulation runs. Choices conceming the final design are based on the preliminary choice made in 
design of the micro-trigeneration system for the PolySMART demo project at ECN. The following 
choices for the simulation runs are made: 

Hydrau/ic coefzguration: 
• For space cooling a floor system is used as distribution system. The thermal capacitance of the 

floor distribution system is estimated to be l O MJ/K. Making use of a thermal storage in the 
chilling water loop redundant. The initia! temperature of the floor is taken to be 20°C 

• To reduce the size and simplify the micro-trigeneration system a thermal storage in the re
cooling water loop will not be incorporated in the design. 
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• The Stirling cogeneration unit and the adsorption chiller are linked in on water loop. Hot water 
flows from the Stirling cogeneration unit to the adsorption chiller and from there through the 
thermal storage back to the Stirling. 

Contro/ strategy: 
• The Stirling bumer power is set at a constant fraction of the maximum bumer power between 

0.5 and 1.0. At cooling water inlet temperatures above 90°C or floor temperatures below 17 °C 
the Stirling commences its shut down procedure. 

• A basic on/off control is used for the adsorption chiller and is set to start chilling at heating 
water temperatures above 70 °C. 

• The cycle and heat recovery time of the adsorption chiller are kept at a fixed time interval of 
respectively 15 minutes and 30 seconds. 

• Mass flow rates through the Stirling cogeneration unit and adsorption chiller are kept constant 
at 10 l/min .. 

• Allowable temperature levels for the floor end systems are set at a minimum of 17 °C to 
prevent condensation. At lower temperatures adsorption chiller is shut down. 

Conditions indoor and outdoor environment: 
• The outdoor air temperature is set at a constant temperature of 30 °C. 
• The indoor temperature is set at a constant temperature of 20 °C. 
• The required space cooling is defined as constant load of2 kW. 

The simulations are run in Matlab Simulink. The Simulink Stateflow toolbox is used for the control 
system. The system is simulated over a time range of 24 hours. 

4.2 Results 

4.2.1 Dynamic behavior of the system 
First the dynamic behavior of the different components during the simulation were observed to 
determine the simulations runs properly. The following figures show the temperatures of the heating 
water loop and the chilling water loop during a time of 5 hours. 
The left graph in figure 4.1 shows the fluctuations in temperature as a function of time. lt shows the 
temperature fluctuations in heating water outlet of the adsorption chiller are reduced by the thermal 
storage. Furthermore it shows the Stirling engine lifts the temperature approximately 2-3 °C and the 
condensing heat exchanger lifts the temperature 8 °C. When the temperature at the cooling water inlet 
of the Stirling engine reaches 90 °C the engine shuts down and the temperatures in the heating water 
loop drop. Due to the lower temperatures in the heating water loop, the chilling water outlet 
temperatures rise somewhat although this is largely damped by the large thermal capacitance of the 
floor. 
The right graph in figure 4.1 shows the thermal and electrical power in- and outputs of the micro
trigeneration system. The graph shows the effect of the cooling water temperature on the bumer input 
and the electric output. lt also shows it takes a short time for the electrical power to reach its normal 
values when the Stirling engine is switched on. The small peak at start-up of the Stirling engine is 
caused by the fact that during start-up burner power is set at its maximum value of 8 kW to heat the 
engine to its nominal value as fast as possible. 

Confidential 



- - thermal storage outlet temp. 
--gas-fluid hx outlet temp. 

chiller healing water outlet temp. 
stirling engine outlet temp. 

--chiller chilling water outlet temp. 

100r---....,..,,---~-:....--~ 

80 

o~--~---~----' 
0 100 200 300 

Time [min] 

8 

7 

6 

-- Electrical output 

-- Bumer heat input 
- Adsorption chiller chilling output 

Time[min] 

39 

Figure 4.1, left: Out/et tempera/ure of a number of components in the system versus time. Right: Thermal and 
electrical power in- and outputs of a number of components in the system versus time. The volume of the thermal 
storage is 90 titre. 

4.2.2 Size hot water storage for coupling of the adsorption chiller 
The influence of the volume of the thermal storage between the Stirling cogeneration system and the 
adsorption chiller is to be determined. The volume is varied between 30 and 150 liter in steps of 20 
liter. A thermal storage smaller than 25 litre resulted temperature fluctuations larger than 5°C in the 
cooling water inlet temperature of the Stirling engine, which can reduce the durability of the engine. 
The following figure shows the influence of the hot water storage volume on the energy performance 
of the micro-trigeneration system: 
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Figure 4.2, left: Average power output [kW] versus thermal storage volume [m3
}. Right: Efficiency of 

components and the system versus thermal storage volume [m3
]. Burner power fraction is I.O. Floor 

tempera/ure remained almost constant at 19.5 °C. 

The left graph in figure 4.2 shows the average thermal and electrical power in- and outputs in the 
micro-trigeneration system are constant for a thermal storage volume between 30 and 150 litres. The 
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same can be said for the efficiencies of the components and the system shown in the right graph. From 
this figure it is can be concluded the on/off switching which occurs more often at smaller thermal 
storage sizes has no influence on the thermal and electrical behavior of the Stirling cogeneration unit. 
The reason for this is the fact the Stirling engine will still be 70 °C when started again which shortens 
the warm-up period of the engine significantly. The effect of the limited electrical output during 
warm-up will thereby dirninish. 
Figure 4.2 shows the systems has a total thermal efficiency of approximately 40 %. The electrical 
power output is approximately 400 W with an electrical efficiency of approximately 8 %, defined as a 
fraction of the burner heat input at these temperatures .. With these efficiencies the auxiliary energy use 
should be kept to a minimum. Simulations have shown the operating time of the Stirling cogeneration 
to reduce with an increasing thermal storage size. 
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Figure 4.3: Operating time of the Stirling cogeneration unit expressed in fraction of simulation time [-} versus 
thermal storage size [m3

}. 

Figure 4.3 shows the operating time of the Stirling cogeneration unit drops approximately 10 % from a 
thermal storage size of 30 litre to 150 litre. Because in this simulation the burner power is kept 
constant less operating time means less auxiliary energy is needed. 

4.2.3 Reduction of burner heat input 
From the simulation results in chapter 3 it is found that reducing the burner heat input reduces the 
thermal and electrical power output of the Stirling cogeneration unit. The left graph in figure 4.4 
shows the thermal and electrical power in- and outputs of the system versus the fraction ofburner heat 
input. For heat input fractions 0.5 to 0. 7 the Stirling engine was not able to comply to the cooling 
demand. This causes the temperature in the heating water loop to remain low around 70 °C. This lower 
temperature compensates for the lower electrical output that would be expected from the results in 
chapter 3.It was found that the electrical output deviated with approximately 100 W with an average of 
410 W over the range of different fractions of bumer heat input. 
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Figure 4.4, Lefl: Average power output [kW] versusfraction of burner heat input[-]. Right: Efficiency of 
components and the system versus thermal storage volume [m3

]. Thermal storage volume was kept constant at 
90 liters. Averagejloor temperature deviated between 21.4 °C and 19.6for fraction of burner heat input between 
respectively 0.5 and I.O. 

Figure 4.5 shows the fraction of the simulation time the Stirling cogeneration unit was in operation. It 
verifies the fact that under a fraction of the burner heat input of 0. 7 the Stirling cogeneration unit does 
not deliver enough thermal power for the adsorption chiller. At a fraction of burner heat input higher 
than 0.9 the Stirling cogeneration unit has a constant operation time because the bumer power is 
automatically reduced at high temperatures to prevent overheating of the Stirling head. 
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Figure 4.5: Operating time of the Stirling cogeneration unit expressed in fraction of simulation time [-] versus 
fraction of burner heat input. 

4.3 Discussion 

In this chapter its is shown the models developed in chapter 3 can be used to evaluate different design 
parameters of the micro-trigeneration system and to simulate different control strategies. These first 
simulations have shown that under these specific circumstances the thermal storage volume and the 
bumer heat input have little effect on the power output or the efficiency of the system during cooling. 
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Main reason of this is the overall limited performance of the micro-trigeneration system in this range 
of temperatures. Furthermore the expected negative effect of on/off switching of the Stirling engine 
bas proven not to effect to average electrical power output significantly due to the fact the warm-up 
period is significantly shorter when started at a temperature of 70°C. 
The simulations have shown the total thermal efficiency of the system to be approximately 40 %. 
Using a good control strategy the operating time of the Stirling cogeneration unit can be reduced 
thereby reducing the total auxiliary energy required. The effect of this reduction is excepted to be 
limited because the largest amount of auxiliary energy use during cooling is caused by the dry-cooler 
and the pump in the re-cooling water loop and not by the operation of the Stirling cogeneration unit. 
A minimum value for the thermal storage has been defined of 25 litre to reduce the fluctuations in the 
heating water outlet temperatures of the adsorption chiller to a maximum of 5 °C to prevent damage to 
the Stirling engine. Because of the limited need for thermal storage for the adsorption chiller the 
integration of the DHW buffer and the thermal storage for the adsorption chiller will possibly not be 
necessary. 
Future simulations should give more insight in the performance of the micro-trigeneration system 
using different designs, control strategies and loading conditions. The use of auxiliary energy should 
be incorporated in the model of the components to give a better prediction on the exact auxiliary 
energy required, especially for the dry-cooler and the adsorption chiller. 
In future simulations the demand for space heating, domestic hot water and the dynamic behaviour of 
the outdoor climate can be coupled to the model. Thereby providing a complete picture on the 
performance of the micro-trigeneration system for a defined energy demand. 
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Chapter 5 

Conclusions and recommendations 

5.1 Concluding remarks 

Driven by the increasing demand for cooling in the residential sector and the expected introduction of 
micro-cogeneration, the concept of micro-trigeneration has gained interest recently. Main goal of this 
research was to develop more insight in the working principle of micro-trigeneration based on a 
Stirling engine and a water-silica gel adsorption chiller and to develop a number of models which can 
aid in the design and analysis of the micro-trigeneration system. 

First a general analysis was performed to determine what the benefits of the application of micro
trigeneration are in terms of primary energy savings. Here to the energy demand in the Dutch 
residential sector for the functions of space heating, space cooling, domestic hot water and electricity 
was investigated. And estimates were determined for the expected efficiencies of the components in 
the micro-trigeneration system, based on literature and lab experiments (since both the sorption chiller 
and Stirling engine are still under development). Based on the energy demand of an average house in 
the Netherlands the primary energy use of the micro-trigeneration system was compared to a typical 
reference system equipped with a state of the art high efficiency gas-fired boiler and a compression 
chiller. 

This analysis bas shown the primary energy savings of the micro-trigeneration using the selected 
Stirling engines (current state of development) and low temperature adsorption chiller to be limited to 
approximately 8 percent. Although the energy demand for space cooling in the Dutch residential sector 
counts for only 5 percent of the total energy demand of an average house, it was found that the large 
auxiliary energy requirements of the system when used for space cooling together with the limited 
electrical efficiency of the Stirling engine lower the primary energy saving significantly. From this 
analysis it is concluded that micro-trigeneration in the form it was investigated in this research will not 
have a significantly better energy performance than current separate generation. For the rnicro
trigeneration system to have a better energy performance 
• the electrical efficiency of the cogeneration unit has to improve, which can be expected to occur 

with continuing development of the Stirling engine, and 
• the need for auxiliary power has to reduce, e.g. by intelligent, modulating control of the heat 

rejecting system. 

Given these improvements, primary energy savings are expected to be significantly higher. 

To aid in the development and optimization of the design and control strategy of the system the main 
components in the micro-trigeneration system were analyzed in detail and modeled in Matlab 
Simulink. Based on a first analysis a conceptual system layout was drafted in which a number of 
subsysterns could be identified. A grey-box modeling method was used to be able to draw conclusions 
and evaluate energy performance on a system level. 
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The model for the Stirling cogeneration unit is based on the Enatec Stirling. Data and information 
gathered on the performance of the Enatec Stirling has shown its electrical performance depends 
strongly on the cooling water inlet temperature. lt was shown the electrical and thermal efficiency and 
with it the electrical and thermal output of the Enatec Stirling will decrease significantly at higher 
cooling water temperatures. The efficiencies used in the genera! analysis in chapter 2 will only be 
reached at cooling water temperatures below 40 °C. The model presented in this research has shown to 
be able to describe the thermal and electrical behaviour of the Stirling under different operating 
conditions. The model remains to be further validated when sufficient data on the Enatec Stirling 
becomes available. 

The model of the two-bed water silica-gel adsorption chiller is based on a number of articles and 
experimental results of the SOCOOL 5kW prototype. The model has proven to show good 
resemblance with the experimental results except for the COP. The lower COP in the model is 
presumed to be caused by the assumption the outlet temperatures of the adsorption chiller will be 
instantly affected by the changes in inlet temperature, while in reality this is not the case. The model 
was scaled to represent a 2.5 kW adsorption chiller, which was assumed in the micro-trigeneration 
system. Simulation results have shown the performance of the adsorption chiller to be strongly 
dependent on the chilling and re-cooling water temperature. The model has also shown the chilling 
power output will decrease at an increasing rate with lower heating water temperatures. The switching 
of the reactors has shown to significantly lower the COP of the adsorption chiller. Based on the 
simulation results it is concluded the performance of the adsorption chiller can not be improved much 
within the given water temperature ranges for the application in the assumed rnicro-trigeneration 
system. 

In chapter 4 it is proven the models developed in this research can be used for dynarnic system 
simulations. Due to the limited time frame of this research project only one system simulation could 
be run. The system simulation has shown the system model can predict the energy performance of the 
micro-trigeneration system. At this point in time these predictions can not be validated, because there 
is no experimental data available, but the output agrees with what can be expected looking at the 
characteristics of the components. Although auxiliary energy was not incorporated in the model, the 
results of the simulation showed the performance of the rnicro-trigeneration system to be much lower 
than predicted in the genera! analysis. Main reason for this is the relatively high temperature the 
adsorption chiller requires combined with the limited performance of the Stirling engine at high 
temperatures. 

5.2 Recommendations 

The mode Is presented in this research thesis of the Stirling cogeneration unit and the adsorption chiller 
can be used in dynamic system simulations. Because no earlier models of the Stirling cogeneration 
unit and the silica-gel adsorption chiller for use in system simulation have been developed yet and the 
data on the prototypes of the Enatec Stirling engine and the adsorption chiller was limited (and their 
development continues) it is recommended that the models are further validated when experimental 
data becomes available. 

The auxiliary power has been accounted for in a relatively simple way in the system simulations. 
Especially for the sorption chiller, it is recommended to include required fan and pump power for heat 
rejection in the model, to get more accurate predictions of overall performance. 

Besides direct coupling of the Stirling and sorption chiller several options are available to design the 
hydraulic scheme of this micro-trigeneration system (heat recovery, storages, etc). The model library 
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developed in this research project is suited to estimate energy performance of these design options. 
And given the experience that the interaction (rather than individual components) strongly influence 
the micro-trigeneration system performance, it's recommended to use the model library to analyze 
these design options to choose the most promising one. 

In the system simulations a constant cooling load was assumed. Given the relatively low cooling 
power continuous cooling during the day is expected to represent reality on hot summer days. 
However, besides interaction within the micro-trigeneration system it is also recommended to study 
the interaction of the system with the building (load), especially to analyze switching behavior when 
coupled to distribution systems with low thermal mass (such as air cooling). 

Besides heat from a Stirling engine, the adsorption chiller can also be driven by solar heat. This option 
of 'solar cooling' seems very interesting, because it requires almost no fossil fuel input while the 
source (the sun) is abundantly available most of the time cooling is required. Solar cooling would lead 
to significant primary energy savings and the tools developed in this research project could easily be 
used to analyze the potential and model the system performance requiring only the additions of solar 
collectors to the model library .. 
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Appendix A 

Annual energy demand 

A.1 The Dutch housing stock 

There are 6.9 million houses in the Netherlands. At the moment approximately 60.000 new houses are 
build, 15.000 are demolished and 150.000 are renovated every year [l]. The Dutch housing stock is 
divided according to average annual energy use of a building type. Of all houses in the Netherlands 62 
percent is build between 1920 and 1980. Over those years the building envelope bas changed, for 
instance: The use of cavity walls bas risen from 29 % in 1920 to 95 % in 1980. The progression and 
development of these changes depends on the house type and year of construction. Therefore a 
distinction between several different house types is made according to their year of construction. 
At the end of the seventies a start was made with the development of energy requirements for new 
houses. Every few years these energy requirements were tightened. In 1995 the Dutch energy 
performance regulations were introduced. Because of these regulations, the difference between energy 
use of different types of houses build after 1995 is reduced significantly and no distinction is made 
between different house types anymore. The Dutch house stock is divided into four different house 
types build till 1995 and the houses build after 1995 [ 10]. 

Multi lamily 
26% 

A1<1rage house > 1995 
10% 

Terrace 
24% 

Detached 
12% 

Semi-<letached / 
Corner terrace 

28% 

Figure A.1: Division of the Dutch housing stock in 2005 according to the SAWEC model [2}. 

Figure A. l shows the division of houses in the Netherlands in 2005 lt shows that for houses build 
before 1995 only 12 % of the Dutch housing stock exists of detached houses. The remaining part of 
the houses are divided almost equally over the other categories. lt bas to be mentioned that the division 
is made primarily on annual energy use for heating, and not on number of buildings. When the 
division is made according to building type, the corner terrace houses and terrace houses together 
would form the largest category, presenting 48 percent of the Dutch housing stock [ 4]. 

Characterization of the different house types 
Most literature on the energy demand per function is either for an average house or household. In 
order to determine the annual energy demand per function and house type the user surface area of each 
house type is used to correlate the annual energy demand per function and house type. This is a 
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method which is also used in the NEN 5128 to calculate the Energy Performance Coefficient (EPC) of 
houses. For the space cooling demand also the window surface area is used to correlate the annual 
energy demand for cooling with each house type. The following table shows the user and window 
surface area used to characterize the different house types: 

Semi- Average Weighted 
Detached detached / Terrace Multi family 

Corner terrace 
house> 1995 average 

User surface Au fm 21 153.21 130.42 115.90 66.64 110.00 111.03 

Window surface Aw fm21 29.39 25.08 25.61 15.68 17.00 23.04 

Aw/Au [·] 0.19 0.19 0.22 0.24 0.15 0.21 

Table A.1: Characteristic user surface area [Au] and window surface area [Aw] per house type [4]. 

A.2 Space heating 

The largest part of the annual energy demand in Dutch houses is the demand for space heating. The 
energy demand for space heating depends largely upon the building envelope, user surface area, the 
outdoor climate, intemal gains and the comfort requirements of the occupants. Statistics show the 
energy demand for space heating is decreasing and is to expected to decrease further over the coming 
decades in all house categories. This decrease is the result of energy saving measures, like boiler 
replacements, better insulation and of the ( expected) increase in outdoor temperatures [2]. 

Semi-
Average 

Space healing demand /GJthj Detached 
detached / 

Terrace Multifamily house> Weigthed 
Corner 

1995 
average 

terrace 

Average 50.55 36.19 34.60 30.55 17.76 34.26 

Table A.2: Annual energy demandforspace healing per house type based on SAWECfrom ECN [JO]. 

State of the art technology 
At the moment 82 percent of the Dutch houses have individual centra! heating. The remaining part of 
the houses are equipped with local gas-fired heaters or are connected to a centra! block or district 
heating system. In the future the number of houses with individual centra! heating will rise and is 
expected to be 95 percent in 2020. Local heating will disappear and the percentage of collectively 
heated houses will stay the same. 
There are several types of conventional individual centra! heating systems: Conventional boilers, 
improved efficiency boilers and condensing boilers. Condensing boilers have the highest efficiency 
because the latent heat in flue gasses is also utilized. In this process the water vapour in the flue gasses 
condenses and releases its heat to the water flow through the heating system, hence the name 
"condensing boiler". 
Condensing boilers are by far the most commonly used individual centra! heating system in the 
Netherlands. Only in cases where the outlet of the boiler to the outdoor air is to long, i.e in an 
apartment complex, improved efficiency boilers are used instead [2]. Under ideal circumstances, part 
load conditions, condensing boilers have an efficiency of 107 % based on the lower heating value 
(LHV) of natura! gas. 
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A.3 Domestic hot water 

The annual energy demand for domestic hot water doesn't depend on the building envelope but on the 
number and the habits of occupants. Although the number of persons per household will decrease in 
the future, the use of hot water per person is expected to rise, because the younger generation tends to 
shower longer and more often than older generations. Therefore the annual energy demand for hot 
water is expected to remain relatively constant over the years. At the moment the annual energy 
demand for hot water is estimated to be 8.8 GJth for an average house [2]. 
Because the number of persons per household per house type is unknown the annual domestic hot 
water demand per house type is estimated using the user surface area of the different house types. This 
method is also used in the NEN 5128. 

Semi-detached / 
Average 

Weighted Domestic hot water demand fGJth] Detached Terrace Multi family house > 
Corner terrace 

/995 
average 

SA WEC 12.07 10.28 9.13 5.25 8.67 8.75 

NEN 5128 10.23 8.71 7.74 4.45 7. 35 7.42 

Average 11.15 9.49 8.44 4.85 8.01 8. 08 

Table A.3: Annual energy demand/or domestic hot water per house type based on SAWEC [JO] and NEN 5128 
[18]. 

State of the art technology 
The generation of domestic hot water is less efficient than space heating because a large amount of the 
energy is lost heating the pipes from the installation to the tap point. Furthermore because of the 
temperature range, 40 to 60 degrees Celsius, the ability to utilize the latent heat in the exhaust gasses is 
limited. 
Most of the domestic hot water is provided using a storage device or a flow-through device. Most 
storage devices use a low power gas or electrical heater, 5 to 10 kW, to heat a large amount, in the 
order of 100 - 150 litres, of water, which is stored in an insulated tank. Flow-through devices use a 
high power gas heater and a heat exchanger to heat up a water flow. 
Storage type of systems have the disadvantage of being large and continuously need energy to 
maintain the water temperature in the tank, which bas to be kept at 60 degrees Celsius to reduce the 
risk of legionnaires disease. The advantage is, there is always a large amount of hot water directly 
available. Flow-through devices don 't have the disadvantage of large continuous heat losses, but the 
amount and temperature of the water available is limited to the power capacity of the gas heater. 
The devices normally operate at an efficiency ofrespectively, 62.5 and 60.0 percent. [18). 
In genera! flow-through devices are more efficient than storage devices, although storage devices with 
better insulation, i.e. vacuum insulation, are being developed which will enable storage devices to be 
far more efficient. 

A.4 Electricity use 

As a consequence of the use of more electrical appliances, the annual use of electricity in the Dutch 
housing sector increases yearly. The annual use of electricity per household in 2005 was 13.4 GJ and 
is expected to rise to 14.7 GJ in 2010 [2]. Interpolation between these values gives an estimate for the 
annual electricity use in 2007 of 13.94 GJ per household. The user surface area of each house type is 
used to determine the average annual electricity use per house type. 
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Semi-

Electricity use /GJth/ Detached 
detached l 

Terrace Multifamily 
Average 

Corner house> /995 
terrace 

1 SAWEC{/0] 19.23 16.37 14.55 8.36 13.81 

1 Average 19.23 16.37 14.55 8.36 /3.81 

Table A.4: Annual energy demand for electricity based on SA WEC model from ECN [JO]. 

State of the art techno/ogy 

Weighted 
average 

13.94 

13.94 

Most of the electricity is produced in large central electricity plants. In the Netherlands most electricity 
plants are coal or gas driven. The efficiencies of the electricity plants vary between 32 % for old coal 
driven plants to 55 % for new combined steam and gas driven plants. The average efficiency of the 
centrally produced electricity is 39 % (HHV) [18). 

A.5 Space cooling 

In contrast with the energy demand for space heating, very little is known about the energy demand for 
space cooling. Space cooling is fairly new in the residential sector, therefore no studies have been 
carried out to estimate the energy use for space cooling in the Netherlands. Where for space heating, 
the annual use of natura! gas is a good indicator for the space heat demand, there are no such 
indicators for the annual cooling demand. Because space cooling is mostly done with electrically 
driven compression chillers, the energy use for cooling is included in the electricity use. 

The space cooling load of a building depends on the intemal and extemal heat loads. Direct solar 
radiation through window surfaces is an important factor. The location and size of window surfaces in 
buildings play are therefore important. Another important factor is the building envelope. Due to the 
solar radiation on the building will warm up during the day. The thermal mass of a building will cause 
a time lag in the warming-up of the interior of the building. Insulation will also keep the interior of the 
building cooler in the summer, but will retain heat inside the building during the night. Older houses 
with less insulation have a higher cooling peak load but will retain less excess heat in the night. 

A simulation study has been carried out by ECN on the cooling demand in an average semi-detached 
house in the Dutch residential sector [7].In this study two situations are compared, an old semi
detached version build according to the building methods before and a new build serni-detached 
version build according to standards after 1995. 
Results of the simulation study show the peak cooling loads of the existing house are higher than that 
of the new build house, but the annual energy demand for cooling is less. Extemal shading reduces the 
annual energy demand for cooling with 36 percent for existing houses and 25 percent for new build 
houses. The results of this simulation were used to estimate the cooling load for the different house 
types based on their user surface and window surface area. 
The estimated average annual energy demand for cooling for the different house types is between 3.6 
and 1.9 GJth. Although this is a very rougb estimate it gives an order estimate for the cooling demand 
in the Dutch residential sector. 
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Semi-
Average 

Space cooling demand /GJthj Detached 
detached / 

Terrace Mu/tifamily house > 
Weighted 

Corner 
1995 

average 
terrace 

Noshading 4.4 3.8 3.8 2.3 3.6 3.7 

Externa/ shading 2.8 2.4 2.4 1.5 2.7 2.5 

Average 3.6 3.1 3.1 1.9 3. / 1 3. / 

Table A.5: Annual energy demand for space cooling based on a TRNSYS simulation of a semi-detached house 
[7]. 

The use of airconditioners 
The use of air-conditioners in the residential sector in Europe is growing rapidly. BAU scenario's 
(business as usual scenario's) predict an four fold growth of the annual energy consumption for 
cooling in every sector from 1995 to 2020 [12]. There area number of driving forces bebind this rapid 
growth; the following are considered the most important [I 1): 

• Heat waves and global warming. 
• Price decrease due to massive importation from China since 2002. Prices for air-conditioners 

in 2005 are only between one third and one fifth of the prices in 2000. 
• Cities are becorning heat islands 
• AC habits: People are getting accustomed to air-conditioned spaces, for instance: in the car, at 

work, in commercial shops and offices. 
Although often the change of climate is thought to be the most important force bebind the rapid 
growth of air-conditioner use, the climate has not changed that dramatically to fully account for this 
trend. A more likely reason is the higher intemal heat gains due to the use of more electrical 
appliances and the changes in construction of buildings, i.e. better insulation and less infiltration 
without taking measures to ensure summer comfort. This first let to an increase of installed cooling 
power at work. Now people are getting accustomed to being in cooled spaces and want the same 
comfort in their houses. 
The number of households in Europe equipped with an air conditioner was estimated at 5 % in 2003. 
In comparison with the USA and Japan, which have a residential use of respectively 65 and 85% in 
2003, this is very low. In northem Europe with its moderate climate the market penetration is even 
lower. The market penetration of air conditioners in the Netherlands was estimated to be 1.5-2 % in 
200 l [9). According to these estimates the number of households in the Netherlands with an air 
conditioner in 2001 were between 108.000 and 135.000 households. With an estimated growth of lO 
percent a year, the number of households who have an air conditioner in 2006 is estimated to be 
between 160.000 and 217.000, which is 2.3 - 3% of the households. Suppliers estimate an even higher 
grow rate. 

State of the art technology 
The most used air-conditioners in the Dutch residential sector are mono units, which means the 
evaporator and condenser are integrated in one casing. The heat which is removed from the room is 
transported outside through a hose. Other types of air-conditioners are mono- and multi-split units. 
Here the condenser is placed outside the dwelling and a working fluid is used to transport the heat 
from the evaporator to the condenser through pipes. These units are still used mostly in the tertiary 
sector, but are also increasingly used in the residential sector. 
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A.6 Auxiliary energy use 

Building-related auxiliary energy is used for control of the system components and for transport and 
distribution of energy throughout a dwelling. The most common components are electric pumps and 
fans and control circuits. The annual auxiliary energy required depends primarily on the number of 
hours the HV AC components are turned on. Good control and sizing of auxiliary components can 
reduce the annual auxiliary energy required significantly. The following table gives an estimate for the 
required annual auxiliary energy required per function for the reference and the micro-trigeneration 
situation. 

Reference situation 

Space healing (4400 hours) 

Component 

HEB operation 

Distribution 

Total 

DHW (1000 hours) 

HEB opera/ion 

Total 

Space cooling (800 hours) 

Distribution 

Total 

Micro-trigeneration 
Space healing (4400 hours) 

CHP opera/ion 

Distribution 

Total 

DHW (/000 hours) 

CHP opera/ion 

linkage CHP and hot water 
stora,!e 

Total 

Space cooling (800 hours) 

CHP opera/ion 

linkage CHP and TDc unit 

TDC opera/ion 

linkage TDC and drycooler 

drycooler 

Distribution 

Total 

Wal/ 
(W) 

Total (fan + 
50 

electronics) 

large pump 50 

100 

Total (fan+ 
50 

electronics) 

50 

large pump 50 

50 

Total (fan + con/rol) 50 

large pump 50 

100 

Total (fan + con/rol) 50 

smal/ pump 30 

80 

Total (fan + control) 50 

smal/pump 30 

control /0 

smal/ pump 30 

fan 90 

large pump 50 

260 

Time in Annual energy Demand average Perc.of energy 
use(h) use (kWh) house (GJ) demand(%) 

4400 220 34.3 2.3% 

4400 220 34.3 2.3% 

4400 440 34.3 4.6% 

/000 50 8.1 2.2% 

1000 50 8./ 2.2% 

800 40 3.1 4.6% 

800 40 3./ 4.6% 

4400 220 34.3 2.3% 

4400 220 34.3 2.3% 

4400 440 34.3 4.6% 

/000 50 8. 1 2.2% 

1000 30 8.1 1.3% 

1000 80 8./ 3.6% 

800 40 3. 1 4.6% 

800 24 3./ 2.8% 

800 8 3. 1 0.9% 

800 24 3. 1 2.8% 

800 72 3. 1 8. 4% 

800 40 3. 1 4.6% 

800 208 3./ 24.2% 

Table A.6:Estimated auxi/iary energy use based on time in use and average power consumption of components 
of auxi/iary system. 

In the last column of table l .2 the auxiliary energy use per function as a percentage of the demand is 
presented. This value will be used in the calculations of the primary energy use. 
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Appendix B 

Modeling of components 

Beside the models for the Stirling cogeneration unit and the silica gel-water adsorption chiller the 
micro-trigeneration system incorporates a number of other components. Simple models based on 
literature and manufacturer' s data are used to describe the characteristics of these components. In this 
appendix models for the following components are presented: 

• Condensing heat exchanger 
• Dry cooler 
• Thermal storage unit 

B.1 Condensing heat exchanger 

The exhaust gases from the burner in the Stirling cogeneration unit are approximately 1000 °C. The 
exhaust gases are fed through a heat exchanger to transfer the heat from the exhaust gases to the water 
circuit. Depending on the temperature and the flow rate of the cooling water the water vapour in 
exhaust gases will condense in the heat exchanger and the latent heat will also be transferred to the 
cooling water. 
lt is assumed that the water and the exhaust gases exchange an amount of heat so that the water 
coming from the heat exchanger has the same temperature as the exhaust gases. Depending on the 
temperature and mass flow of the incoming water the exhaust gases will condense fully, partially or 
not at all. In order to predict the temperature of the water coming out of the heat exchanger the 
following ex~ressions are derived: 

T = T . + lqexh,sens ) 
WO W I • 

B.2. 1 
c p,wmw 

T = T exh,sens J _ p,w w d w, q 
( 

c m (T -T) ) 
wo d + C p,wmw (q heat .sens + q heat.latent) 

/or O < cp_wmw(Td -Tw;) :-:;; q heat,sens +qheat.latent s.2.2 

T = T . + (q exh,sens + q heat.latent) 
WO W I • 

c p_wmw 

The dew point temperature is the temperature at which the water vapour in the exhaust gases start to 
condense. The dew point temperature is determined by the fuel composition and the air-factor. Fuel 
composition deterrnines the water content of the exhaust gases. The air-factor influences the dew point 
of the exhaust gases. Dilution of the exhaust gases with air decreases the dew point. For Dutch natural 
gas the following equation holds [14]: 
T _ 2258 

d - ]],08] - /og(]0]J]5 Vwv ) 
v,,xh 

B.2.4 
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, where V vw and V exh are the volumes for water vapour and exhaust gas when buming 1 m3 natural gas 
with an air factor n, and are defined as: 

Vwv = 1,7392 [m 3 J 
B.2.5 

Vexh = 8.3871 • n + 1,0221 {m3 j 

The air factor n is assumed constant at 1.2 which is a common value for natural gas bumers. Figure 
B.1 shows the temperature difference between the outgoing and incoming water temperature as a 
function of the inlet temperature for different mass flows. The total amount of heat to the heat 
exchanger is 4.5 kW which is the heat output to the heat exchanger at nominal working conditions of 
the Stirling engine. 

1s,-----.----,--,-----.--.------:::====::;-, 
--51/min 
-- 101/min 
-- 151/min 

0'---~--~--~-~--~-~--~-~ 
10 20 30 40 50 60 70 80 90 

lncoming water temperature [ °C ] 

Figure B.2.1: Temperature lift of the cooling water over the condensing heat exchanger as a function of the 
water temperature and for different flow rates 

This model is used to predict the cooling water outlet temperature as function of the heat input from 
the exhaust gases and the flow rate and temperature of the cooling water. The condensing heat 
exchanger used for testing of the Enatec Stirling cogeneration unit is a low inertia heat exchanger 
providing very fast response for changing temperatures and flow rates. Therefore the thermal capacity 
of the heat exchanger is assumed to be negligible and it's assumed the outlet conditions change 
simultaneously with the inlet conditions. 

B.2 Dry cooler 

The condenser and adsorbing reactor are connected to a dry cooler placed outside the dwelling. The 
dry cooler is a tube and plate heat exchanger. In the dry cooler the recooling water from the adsorption 
chiller is cooled with air. The air is blown through the heat exchanger with a large fan. If the 
adsorption chiller will have a nominal chilling power of 2,5 kW and a COP of 0,5, the dry-cooler 
should have a capacity of a least 7,5 kW. A dry-cooler of approximately 8,17 kW was selected. The 
dry cooler is selected on low fan power, 90 W, in combination with an large surface area. This to keep 
the auxiliary energy at a minimum. The fan is controlled by an on/off controller, thus the amount of air 
through the dry cooler is constant. The water through the dry cooler can vary both in temperature and 
flow rate. Manufacturer's data shows that at a water flow rate between l. l and 2.8 m3 and a 
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temperature difference at the inlet of 10 degrees between the water and outdoor air, the water will exit 
the dry-cooler with a temperature difference to the outdoor air respectively between 4 and 6 °C 
The configuration of the dry cooler is a n-pass cross-counter flow heat exchanger. A schematic 
drawing is given in figure 2.2. 

Hot Water Cool Water 

Hot air 1 th pass ,----, 3th pass ,----, 4th pass Cold air 

Overall direction of water flow 

Figure B.2.2: A schematic drawing of a n-pass cross-counter.flow dry cooler. 

As can be seen in figure 2.2 the overall direction of the water is in counter direction of the air flow. 
Therefore the dry cooler can simply be modelled as a counter flow heat exchanger. The log mean 
temperature difference method, LMTD method, is used to determine the outgoing water temperatures. 
(See [15) for more information on the LMTD method and the equation used.). 
The overall heat transfer coefficient VA depends on the convection coefficient at the air and fluid side 
of the heat exchanger and the heat exchanger characteristics. Because the air flow rate is kept constant 
at 4040 m3 per hour, the overall heat transfer coefficient will depend only on the flow rate of the water. 
Based on the manufactures data the following linear correlation between UA and the cooling water 
mass flow rate has been found: 

UAdry = 1845mw + 1651 B.2.6 

Because of the high overall thermal conductance UAdry it is assumed the effect of the thermal 
capacitance of the dry cooler can be neglected. 

B.3 Water storage 

The storage of thermal energy is an important part for sustainable and energy efficient installation 
systems. Thermal energy storage can greatly enlarge the efficiency of these installations, especially for 
active solar installations. In installation in which a CHP unit is embedded, thermal energy storage is 
important because the Stirling cogeneration-unit needs to run as many hours consecutively as possible. 
The start up and cool down of the Stirling cogeneration unit consumes electricity and efficiencies are 
lower during start up and cool down than during normal operation. The most important function of 
thermal storage unit is the decoupling of source and load 
In the conceptual system layout multiple possible thermal storages are noted. All thermal storages are 
assumed to be water based and the same model is used for all storages. The water storages are 
modelled using a fully mixed model 

Heat transfer between buffer and the circuit water 
Heat is transferred between the reservoir and the circuit water. The direction of heat exchange depends 
on the temperature of the buffer and the circuit water. The heat exchange between the buffer and the 
circuit water can is given by: 
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B.2.7 

,where qhx is the amount of heat transferred between the buffer and the circuit water, mw is the mass 
flow rate and Cp,w the specific heat capacity of water. Tw,in and Thuff represent the circuit water inlet 
temperature and the temperature of the buffer. 
The heat loss is assumed to be proportional to the temperature difference between the buffer Tbuff and 
the surroundings Tamb, thus: 

qbujf.[oss = UAbuff,loss (Tbuff -Tamb) B.2.8 

Where VAhuff,Joss is the thermal conductance between the buffer and the surroundings. The most 
common used shape for a thermal reservoir is a cylinder. Mostly because of the pressure distribution 
on the inner casing and because it's easy to fabricate. Styrofoam is commonly used for insulation of 
the storage unit. There is no common heat loss coefficient for thermal storage units. Insulating 
thickness and the ratio between diameter and height differ between manufacturers. Instead of 
determining the overall heat loss coefficient based on geometry and insulation material, data on 27 
boilers from two different manufacturers, Viessmann and Stiebel, differing in size and insulation 
thickness is used to correlate the overall heat loss coefficient with the storage volume. The following 
figure shows the overall heat loss coefficient as a function of the storage volume. 

SZ 4.5 

i 4 

E 
-~ 3.5 . . .. .. .. · 

:E 
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~ 1.5 Viessmann boilers o Stiebel boilers 

0.1 0.2 0.3 0.4 0.5 0.6 o. 7 0.8 0.9 

Volume[m1 
Figure 2.3: Overall heat loss coefficient as fanction of the volume of the thermal storage unit. The figure shows 
the total heat loss in WIK as function of the storage volume. 

From the data the following quadratic polynomial was fitted through the data and is used in the model 
to determine the overall heat loss coefficient: 

UAbuff ,/oss = -0,9045Vbu/ +J,652Vbuff +J,1590 B.2.9 
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Appendix C 

Adsorption chiller parameters and comparison 

C.1 Input parameters adsorption chiller model 

Modeling of the adsorption chiller. For the model presented in paragraph 3.4.3 and for the simulations 
in chapter 3 and 4 the following values are used. To be able to run the model a number of parameters 
where needed. Not all parameters for the model could be obtained from data on the SOCOOL 
prototype, so a number of parameters where obtained from general literature or estimated. The 
following table presents the numeric values used for the model of the adsorption chiller of 5 kW and 
2.5kW 

Parameter Description Values SkW Value2.5 kW 

RP Average radius silica gel particle 3.7e-4 m 3.7e-4 m 

hads Adsorption enthalpy 2.8e6Jlkg 2.8e6Jlkg 

hvap Evaporation I condensation entha/py 2.5e6Jlkg 2.5e6Jlkg 

c, Specific heat capacity hx sorbent reactor 800JlkgK 800JlkgK 

Cc Specific heat capacity hx condenser 800JlkgK 800JlkgK 

c, Specific heat capacity hx evaporator 800JlkgK 800JlkgK 

Cp,w Specific heat capacity water 4180JlkgK 4180JlkgK 

Cs;/ Specific heat capacity silica gel 700JlkgK 700JlkgK 

M, Mass heat exchanger reactor 8.4 kg 4.2 kg 

Msu Mass silica gel in reactor 9kg 4.5 kg 

Me Mass heat exchanger condenser 3.0kg 1.5 kg 

M, Mass heat exchanger evaporator 3.0kg 1.5 kg 

Mrw Mass water in heat exchanger reactor 7.5 kg 3.75 kg 

Mcw Mass water in heat exchanger condenser 3 kg 1.5 kg 

M,w Mass water in heat exchanger evaporator 7.5 kg 3.75 kg 

UAb Total overall heat transfer coefficient sorbent reactor 1500 WIK 750 WIK 

UA con Total overall heat transfer coefficient condenser 1200 WIK 600 WIK 

UA eva Total overall heat transfer coefficient evaporator 1200 WIK 600 WIK 

mrw Mass flow through heat exchanger desorbing reactor 0.269 kgls 0.233 kgls 

mrw Mass flow through heat exchanger adsorbing reactor 0.253 kgls 0.233 kgls 

mcw Mass flow through heat exchanger condenser 0.231 kgls 0.117 kgls 

m,w Mass flow through heat exchanger evaporator 0.1833 kgls 0.117 kgls 

Table: C.1 : Parameter va lues used for modeling of the adsorption chi lier. 
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C.2 Comparison 5 kW model and SOCOOL prototype SkW 

The following figures show the results of the 5 kW model compared with the experimental results of 
the SOCOOL 5 kW prototype. 
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Figure C.2: Chilling power and COP versus cyc/e time at in/et temperatures Th,ating 85 °C, T,,cooling 25 °C, Tchilling 
15 °C. Left: Simu/ation results obtained with an average partic/e size, Rp, of 0.25 mm. Right: Experimenta/ 
resu/ts /rom the SOC OOL 5 kW prototype. 
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Figure C.5: Chilling power as fimction of the chi/ling temperature. Left: The results from the model. Right: The 
results of the SOC OOL prototype. 
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Appendix D 
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