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Abstract: Micro combined heating and power (micro-CHP) systems are becoming more than
important, and even essential, if we pretend to take full advantage of available energy. The efficiency
of this kind of systems reaches 90% and important savings in energy transport processes can occur.
In this research, an internal combustion engine (ICE)-based micro-CHP system was developed and
tested under specific constraints. The system uses a two cylinder Otto engine as prime mover, coupled
to an electrical alternator, and it uses exhaust gases and engine cooling circuit heat. The micro-CHP
system was developed to match the electrical power of a typical Stirling engine (SE)-based micro-CHP
unit, in order to later compare both systems’ performance under similar circumstances. Different
operating modes were tested under different engine speeds, in order to find the optimum operating
point. A stand-alone portable application of this system was performed using recreational sailing
boats as mobile homes. Specific considerations had to be taken, related to boundary conditions with
sea water, and a transient simulation was performed, considering the boat under three different
European climates. Results were compared for the different locations and the performance of the
equipment shown. A comparative study with the SE-based micro-CHP system performance was
done, and a sensitivity analysis of the influence of the battery size was carried out under the same
conditions. The SE and ICE-based proposed micro-CHP system have similar behavior, except for
the differences found due to the electric/thermal power ratios in both systems. Battery bank size
sensitivity analysis reflects a limit in performance improvement. This limit is caused by the uniform
distribution of electrical demand profile.

Keywords: micro combined heating and power (micro-CHP); stirling engine; internal combustion
engine; TRNSYS; sensitivity analysis; recreational sailing boat

1. Introduction

An energy model based on micro-cogeneration units or distributed models is meant to represent
a very feasible future [1]. High fuel prices and power demands require more efficient models such as
smart grids where losses are minimized due to distributed generation concepts, and the waste heat is
useful unlike in the majority of thermal power plants. The size of the plant is very important in order
to get a reduction in the greenhouse gas emissions [2,3]. Distributed generation systems can adapt to
unpredicted changes in the demand and provide interconnectivity of many different devices through
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the grid [4,5]. Technologies like micro-cogeneration, which are able to provide many economic and
environmental advantages, are the proposed solution in the majority of cases for distributed generation
systems in dwellings [6–9].

For better efficiency purposes, micro combined heating and power (micro-CHP) technologies
have been embedded together with renewable systems, providing important primary energy
reduction [10–13]. Even alone, the use of cogeneration units produces important raises in efficiency as a
result. If a thermal machine produces only electric power, efficiencies around 40% can be achieved, but
if the system incorporates cogeneration functions, this efficiency can increase up to 90% [14], however,
the most typical domestic heating system in Europe is still a conventional condensation boiler [15].

The particular application will determine the kind of micro-cogeneration technology to be selected.
The most commonly used technologies are internal combustion engines (ICEs), micro-turbines, Stirling
engines (SEs), Rankine cycles, or fuel cells, among others [14,16,17] although the last two ones are still
entering the market. These technologies have been widely studied. Thus, for example, in [18] 16 CHP
system units representing different technologies were evaluated from the energetic, economic and
environmental points of view.

Building integration of micro-CHP systems is one of the main applications of distributed systems,
and many studies have been developed on this topic. ICE-based micro-CHP systems are also
considered for this application, from different perspectives [19,20].

Studies on the feasibility of micro-CHP technologies in many different countries can be found in
the literature. Many research reports indicate that satisfactory results can be achieved in small-scale
domestic applications, enabling reductions in primary energy consumption [21–25].

In [2] the annual operating hours of these technologies together with thermophotovoltaic
generators when the cogeneration plant supplies energy to two dwellings with different sizes were
evaluated. Proper thermal energy storage (TES) size is also studied for the different technologies.
In [26] an exhaustive comparison between a residential gas engine CHP and a fuel cell micro-CHP is
made. This work underlines that although the most important issues are the CO2 emissions and the
match between the thermal and electric outputs of the CHP system and the consumer’s load profile,
the lifecycle cost analysis plays an important role. The paper analyses different micro-CHP systems
using different strategies from an economical and an environmental point of view.

In [27] the analysis of the cogeneration system was centered in the coupling of the CHP system
with the TES to improve the global efficiency. This coupling, together with an analysis of the electricity
market, has been widely studied in the literature [2,15,28,29]. Normally the heating, cooling, domestic
hot water (DHW) and power loads do not coincide in time and an uncoupled plant improves the
annual efficiency of the whole system. In the micro-CHP plant under study, this decoupling was made
achieved by using a water storage tank and a bank of batteries. Moreover thermal storage devices
considerably reduce the CO2 emissions and become more economical, especially in large systems.
In [2] it is demonstrated that the thermal exhaust from the engine is directly related with the size of
the TES.

The applicable governmental regulations of the country where the micro-CHP system is installed
and the electricity buyback represent two key factors for sizing TES units [30]. A sensitivity analysis is
performed in [31] to estimate the influence of the fuel and electricity prices on the profitability of a micro
CHP unit. In [32] a sensitivity analysis of the major economic parameters was performed, focusing
on the operational flexibility of the system. An optimization model for the capacity of distributed
generation based on micro-CHP units is also presented in [33], where an interesting sensitivity analysis
of costs was performed.

Operating strategies are also the topic of some recent studies [34–36]. Operating strategies like
following the electric load (FEL) and following the thermal load (FTL) are analyzed in [36].

Apart of the legislative framework, the location of the building is also important due to the
various climates and consequently due to the different cooling and heating loads. In [34] an economic
analysis is made for five different locations. Some works analyzing micro-CHP system performance
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in mobile homes, considering caravans [37] and recreational sailing boats [38] have been published.
A ship power plant operating with waste heat recovery was analyzed in [39,40]. Thermodynamic
analyses and efficiency calculations are developed in this research, but the location of the ship was not
taken into account.

An ICE-based micro-CHP system was developed and tested in the research reported herein. The
system uses a two cylinder Otto engine as prime mover, coupled to an electrical alternator, and it
utilizes exhaust gases and engine cooling circuit heat. Different operating modes were tested under
different engine speeds, in order to find the optimum operating point. The main design constraint for
this system was matching the electrical power to a Stirling engine-based micro-CHP unit, in order to
compare both systems’ performances. Typically a Stirling engine-based micro-CHP unit produces less
power than ICE-based ones [14].

Mobile homes are very sensitive to energy independence, and there is a lack of studies about
them [37]. The micro-CHP system was modeled and simulated in a recreational sailing boat, as an
example of a mobile home with some particular features [38]. The annual performance of the system
was estimated in different European ports, with different climate conditions. This research was used in
present work to compare ICE-based and SE-based technologies.

The system was designed to work in an autonomous way and for this reason no possible
combination with a back-up boiler or similar devices was considered. It uses a rank of batteries
to store electricity and to supply power during peak periods; and a TES system to match the thermal
demand and production.

TRNSYS was used to model and simulate the micro-CHP system and to determine its annual
performance. This software is very commonly used among the scientific community and there are
many references in the literature where performance analysis is carried out using it [37,38,41–44].

In this paper, a micro-CHP unit was designed, built and tested. The main features of this
ICE-based unit were determined considering a Stirling engine-based unit one, analyzed by the authors
in a previous paper [38]. Furthermore, a comparative study with this unit was carried out. Power,
efficiency, and suitability of both systems are presented in The Results and Conclusions sections.
Moreover, a sensitive analysis of the ICE-based system was done, varying the size of the battery bank.
Methodology for a comparative study of the performance of different technologies-based micro-CHP
units, together with sensitivity analysis in recreational sailing boats in different European climates, are
presented in this paper.

2. Materials and Methods

The ICE-based micro-CHP system developed and tested in this work, the recreational sailing boat
features, and the environmental conditions are presented in this section. The system performance
simulation configuration is also explained in Section 2.4.

2.1. ICE Based Micro-CHP System

A micro-CHP system was developed using a Honda GX360 gasoline two-cylinder engine as
prime mover. The engine was previously adapted to operate using butane as fuel, in order to reduce
contaminant emissions, and maintenance costs. This engine is liquid cooled, and a modification in
the cooling circuit was made in order to recover waste heat from the refrigeration fluid. Another
improvement to recover waste heat from exhaust gases was made. Two three way valves were
implemented in the system to recirculate coolant and exhaust gases to the TES coils. A storage tank
was designed for heat recovery. Two main heat exchangers were introduced into the tank. The coolant
coil is 20 mm in diameter and 12 m length and the exhaust gases heat exchanger is divided into three
different coils, 20 mm in diameter and 4 m in length each. Figure 1 shows the three way valve installed
in the engine coolant outlet, the flowmeter in the cooling circuit, and a front view of the storage tank.
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Figure 1. Some heat recovery components: (a) three way valve of the engine coolant circuit;
(b) flowmeter in the cooling circuit; (c) storage tank with the tap water circuit

The temperatures of the coolant and gases range from 120 ˝C to 500 ˝C, so the heat recovery
potential is quite high. A storage tank is used as heating load, introducing tap water at a specified flow
rate to keep the outlet temperature below a specified threshold.

An alternator was chosen to provide a similar amount of electricity as the SE-based micro-CHP
unit. The SE-based unit steady state thermal power is 5.93 kW, and the electrical power is 0.92 kW [38].
The system was completed with a bank of batteries to store the electricity produced and a TES to store
the heat produced by both recovery systems.

The experimental setup is presented in Figure 2. The ICE-based unit was tested under steady state
conditions to obtain its thermal and electric power. Three operating modes were tested using three
different engine rotation speeds. The engine manufacturer recommends that the engine operating
speeds range from 2000 to 3500 rpm. The selected test speeds were 2100, 2900, and 3500 rpm for low,
medium and high engine speed, respectively. An electric load was permanently connected to the
battery bank, to prevent that the batteries from becoming fully charged.
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Figure 2. ICE-based micro CHP unit layout.

The ICE-based micro-CHP system was tested on the laboratory using four controlled circuits (fuel,
air-gas, coolant, and exhaust gases). Tap water was used as a thermal load to keep the TES temperature
cool enough.

Temperatures entering and leaving the storage tank and flowrates were measured in the coolant
and exhaust gas circuits. An energy balance in the storage tank was performed in order to obtain the
global heating power.

A PC-based data acquisition system and proper instrumentation for the micro-CHP unit were
installed to measure flows and temperature differences, in order to calculate energy rates, in the heat
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exchangers (cooling circuit and exhaust gases circuit). Multimeters connected to the data acquisition
system were used to record voltage and current data, to determine electric power.

2.2. Recreational Sailing Boat

Sailing boats are the mobile homes selected for this study. Powerboats are less suitable for this
kind of application, as they incorporate a thermal engine for movement and an alternator to produce
electricity. Sailing boats typically operate with their auxiliary engine turned off, as they only use the
engine for mooring. The selected vessel is 10.36 m long and its thermal envelope data was obtained
from the manufacturer. Compositions and thicknesses of the walls, ceilings, and floors are shown
in Table 1.

Table 1. Compositions and thermal properties of the walls [38].

Envelope Layers Wetwall Drywall

Fiberglass Outer Fiberglass Polyvinyl chloride (PVC) Inner Fiberglass
Thickness [mm] 13 10 20 10

Thermal Conductivity [W/m¨ K] 0.04 0.04 0.23 0.04
Capacity [kJ/kg¨ K] 0.84 0.84 1 0.84

Density [kg/m3] 12 12 1500 12

Selected ship and energy demands, summarized in Figure 3, are the same as in [38]. In this
previous study, the authors carried out a performance analysis of a SE-based micro-CHP system. In
addition to ICE-based micro-CHP system performance, a comparative analysis was carried out in
the present work, preserving the ship thermal envelope, DHW requirements, and electrical demands.
DHW demands were estimated for two people considering two periods of consumption, being adjusted
to shower and cooking times.
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As shown in Figure 4, ship walls are divided into drywalls and wetwalls, corresponding to the
ones in contact with air and with the sea, respectively. Other important parameters imported from the
previous study were: air renewal set to 0.6 renovations per hour, and a fixed temperature threshold.
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The constant comfort temperature was set to 20 ˝C. When the inner air temperature went below
this temperature, heating was requested from the micro-CHP system; thus, the heating demand
depends on the location where the simulation was performed. Global heat demand was determined in
the simulation environment, considering DHW demand and heating demand together.

2.3. Environmental Conditions

Average ambient conditions were extracted from the Meteonorm database [45]. A TMY2 standard
meteorological file was used for performance analysis in each location under study. Boundary
conditions of the ship envelope were not fully defined with data extracted from the TMY2 file. It
was necessary to know the boundary conditions in wetwalls. The sea surface temperature (SST) is a
typical parameter in global climate databases. For this research, SST data was downloaded from the
Community Data Portal [46] that belongs to the National Center for Atmospheric Research (NCAR).
Last ten year average data were extracted from a network common data format (netCDF) file, for the
locations under study.

2.4. Simulation Configuration

Once the micro-CHP unit was developed and tested, and the environmental boundary conditions
were defined, a performance analysis of the system was carried out. A stand-alone operation of the
system was defined and applied to a mobile home. A recreational sailing boat was used for this purpose.
Ship and heating plant were configured in TRNSYS using standard types. Three different climates were
compared in a dynamic simulation. In order to compare the performance results with [38], the selected
climates were Northern European Atlantic, Southern European Atlantic, and Mediterranean. One
location was selected for each climate: Helsinki (Finland), Breskens (The Netherlands), and Malaga
(Spain), respectively.

Dynamic simulation of the system was carried out using steady state experimental data to model
the micro-CHP system, due to the fast response of the micro-CHP in start-up and slow-down processes.
Inertia systems were introduced for the electrical and thermal storage, to fit the energy demand and
production. The battery bank capacity was set to 24 V/100 Ah, and the TES tank volume to 60 L, as in
the previous work [38].

The time step was set to 0.1 h for annual simulation, in order to increase convergence. Two
simulation layouts were designed for each location, the first one in order to obtain the annual maximum
thermal load, and second one in order to obtain the thermal and electrical performance of the system.
The first simulation scenario was useful to know the suitability of the micro-CHP system to cover
the thermal power demands at any moment during the whole year. The set point temperature was
20 ˝C in both scenarios. In the second simulation scenario the ship was not only linked to weather
components, but it was also connected to the designed thermal and electrical plants.

For the TRNSYS dynamic simulation some aspects were considered. Weather data TMY2
files, obtained from Meteonorm, are monthly mean data for the location. Furthermore, the typical
meteorological year was a good agreement with long-term average measured data [47].

3. Results and Discussion

Experimental results of the ICE-based micro-CHP unit are presented first. Then, the suitability of
the unit in the different climate zones is shown. Thermal loads were calculated using TRNSYS. The
performance of the ICE-based micro-CHP unit is presented and a comparative study with the SE-based
micro-CHP unit, for the same climate zones, is also presented. Finally, a sensitivity analysis is shown
for the ICE system, considering battery bank size variation.
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3.1. Experimental Results

The ICE based micro-CHP unit was tested under different conditions to obtain the steady state
generated power. For this purpose, both, heat exchanged with the TES and the power to load and to
batteries were measured.

Figure 5 shows the experimental results for the coolant temperature entering and leaving the
storage tank, using three different engine speeds. Temperature difference is used to determine the
thermal energy extracted from the coolant. Global thermal energy production is determined with an
energy balance in the storage tank, when coolant and exhaust gases circuits are connected. Coolant
temperatures show that micro-CHP reached a steady state after working for 200–500 s. Steady state
mean data are then considered for simulation purposes.
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Energy produced during the steady state is shown in Table 2. The most suitable engine speed to
fit the performance of the SE-based micro-CHP system is the higher one: 3500 rpm. Heating power is
very similar in both units and this is the most important feature when comparing the performance
under a FTL strategy simulation. Power is a little lower in the ICE-based unit, but it is interesting to
compare both systems electrically. The battery bank plays a very important role when analyzing the
performance of the micro-CHP system. Thus, a sensitivity analysis was performed, varying the size of
the battery bank.

Table 2. Electric and thermal load power under steady state conditions.

Engine Speed (rpm) Electric Power (kW) Heating Power (kW)

2100 0.556 2.382
2900 0.610 4.747
3500 0.653 5.414

3.2. Adequacy of the Micro-CHP Unit

The model developed in TRNSYS, considering ship envelope and environmental conditions (i.e.,
climate data and SST) was tested for a temperature set of 20 ˝C. Simulation results are shown in Table 3,
where maximum heat demand is presented, in addition to time of the event and climate conditions.
As it was expected, Helsinki, in the Northern European Atlantic zone, is the coolest location, while
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Malaga, at the Mediterranean, is the hottest. The maximum peak demand corresponds to the Northern
European Atlantic scenario, with 4.35 kW.

Table 3. Peak heat demand with time and climate conditions.

Climate City
Peak Heat
Demand

(kW)

Month of
Peak Heat
Demand

Day of Peak
Heat

Demand

Time of Peak
Heat

Demand

Air
Temperature

(˝C)
SST (˝C)

Northern
European
Atlantic

HELSINKI 4.35 2 15 8:06 ´21.9 0.7

Southern
European
Atlantic

BRESKENS 2.61 1 12 21:06 ´4.5 7.4

Mediterranean MALAGA 1.72 1 12 9:00 4.0 15.5

The suitability of the equipment to meet heat demands is guaranteed in all studied climates.
Engine speed should adapt to peak demand, in order to be equal or less than the maximum peak
demand. The chosen speed for the performance dynamic simulations was 2900 rpm, slightly higher
than the maximum peak demand in the coolest location. It is necessary to have some wiggle room,
because DHW demand was not considered for this peak demand study.

3.3. Performance of the ICE-Based Micro-CHP Unit

Results are presented as a comparison with an SE based micro-CHP system, with similar
outputs [38]. Annual thermal performance is shown in Figure 6. Figure 7 shows monthly electricity
production and Figure 8 depicts annual percentage of electrical coverage.
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Heat production is very similar using SE and ICE because the simulations are performed FTL.
These results are predictable, because both systems are suitable for the application under study, as
heat demands were previously calculated. The slight differences in heat production results are due to
the small differences in heating power of the two systems.

Annual electrical production and coverage are very similar too, although it never reaches 100%.
Nevertheless, the most important difference in electrical production occurs during warm months (May
to September). This difference is more remarkable in warmer climates (Malaga) where the thermal
load is lower. Under this condition ICE supplies less electricity because of its lower electric/thermal
power ratio: 13% compared to 15% with SE. This small difference is also the reason behind the higher
number of hours with full battery using SE. Figure 9 shows the number of hours when the batteries of
the systems are full. This time is significantly higher in the colder climate (Helsinki), where electricity
production is also higher.
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3.4. Sensitivity Analysis

A sensitivity analysis was performed using different sizes of the battery bank with the ICE system.
The battery bank of the original study was set to 24 V/100 Ah, and hereinafter it is the designated
as the “Standard” size. Three different scenarios, where the battery bank size was modified, were
compared. One of the scenarios was equipped with “Half” capacity, another one with “Double” size,
and the last one with “Triple” size.

Thermal energy production is very similar in all the scenarios, due to the FTL strategy, so it is
not presented. Electrical energy production is lower when the battery bank is half size, because the
electrical energy produced when the batteries are full is dedicated to producing heat. The correlation
between electrical energy production and battery size can be seen in Figures 10 and 11. When battery
size increases, also it increases the amount of electrical energy produced and the percentage of coverage
attended. Anyway, there is not a big difference between doubling and tripling the battery size. As it is
observed in the results, battery size increase has a limit. Above this limit there are no differences in the
system performance. This limit does not depend on how much warmer or cooler the climate is, but
rather it depends on the electrical load as the daily consumption profile remains the same during the
whole simulation.
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4. Conclusions

In this research an ICE-based micro-CHP unit was developed and tested. The unit was configured
to cover the thermal demand of different European locations. Thermal and electrical power was
measured using three different engine speeds, and outcomes at 2900 rpm were chosen to carry out
the simulations.

System performance results were compared to SE results and both of them are quite similar.
The main difference was found in warmer locations during the warmer season, when the electrical
demand is less covered using the ICE unit. This difference is readily explained considering the smaller
electrical/thermal production ratio of the ICE system compared to the SE one.

A sensitivity analysis was done, comparing the results of the standard size of the battery bank
with the results obtained in three different scenarios with three different battery sizes: half, double
and triple. Double size was optimum with this system as there no improvement was seen by tripling
its size, independently of the location climate. The optimal battery size is a function of the type of
electrical load profile. With a double size battery bank, the electricity production increases 4.9% in
Helsinki, 5.9% in Breskens, and 11.1% in Malaga.

One of the aims for the improvement of the ICE-based micro-CHP system was to increase the
electrical/thermal ratio, using a more powerful alternator. Future research will be focused on studying
different electrical consumption profiles with different battery sizes to find a correlation between these
two factors.
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Abbreviations

The following abbreviations are used in this manuscript:

ICE Internal Combustion Engine
micro-CHP micro Combined Heating and Power
SE Stirling Engine
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TES Thermal Energy Storage
FEL Following Electric Load
FTL Following Thermal Load
PVC Polyvinyl chloride
DHW Domestic Hot Water
TMY Typical Meteorological Year
NCAR National Center for Atmospheric Research
SST Sea Surface Temperature
netCFD network Common Data Format
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