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Abstract. The use of renewable energy sources and the assessment of energy economy are the subject of several 
research studies. One objective of trigeneration systems is the diversification of energy sources, especially use of 
renewable ones, accordingly to the geographical location and possibilities Stirling engines have better performances 
for micro-CCHP systems compared with other prime movers as RC, micro-turbine and fuel cell. The paper presents 
the problem of energy performance and efficiency evaluation of a prime mover using renewable fuels, in a micro 
scale combined cooling, heating and power trigeneration system, for a domestic residence.  
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1. INTRODUCTION 

Fossil fuels such as petroleum, coal, and natural 
gas have become limited resources. In addition, 
global warming due to carbon dioxide (CO2) 
emission has become a serious environmental 
issue, in recent years. Since current living and eco-
nomical standards depend strongly on fossil energy 
sources, it is necessary to realize a new technology 
that utilizes biomass as a source of energy. Climate 
change and limited fossil resources call for a 
reduction of non-renewable primary energy input 
and greenhouse gas (GHG) emissions by 50 to 80 % 
by 2050 [1].One possible developmental path is de-
centralization of the electricity system. Distributed 
power generation in small, decentralized units is 
expected to help in reducing emissions and saving 
grid capacity, while also providing opportunities 
for renewable energy. It could thus form a con-
stituent part of a more sustainable future. This 
vision of decentralized, and often autonomous, 
technological systems has been often replicated 
and has also been applied to energy systems. The 
trigeneration concept refers to the simultaneous 
production of mechanical power (usually converted 
to electricity), heat (at low and high temperatures) 
and cooling (using heat at high temperature) using 
only one source of primary energy [14]. This 
source is represented by fossil fuels or by some 
appropriate types of renewable energy sources 
(biomass, biogas, solar energy, etc). Since biomass 
is the only carbon-based renewable fuel, its appli-

cation becomes more and more important for 
climate protection [15]. 

One objective of trigeneration systems is the 
diversification of energy sources, especially use of 
renewable ones, accordingly to the geographical 
location and possibilities [6]. Integrated micro-
CCHP system solutions represent an opportunity to 
address all of the following requirements at once: 
conservation of scarce energy resources, modera-
tion of pollutant release into our environment, and 
assured comfort for home-owners. 

2. A MICRO CCHP SYSTEM 

A micro-CCHP system can have different con-
figurations ranging from simple to complex ones. 
Micro-CCHP systems comprise a prime mover, 
which generates electricity and the heat recovery 
and utilization components which use the heat 
rejected by the prime mover provide space heating, 
hot water, and/or even cooling. Figure 1 shows the 
structure of a micro-CCHP system for domestic 
use application [5]. The system consists of a CCHP 
plant, a storage tank and a back-up burner. 

The analysis of different micro-CCHP systems 
is made from the point of view of benefits and 
limitations of the operational and economic and 
environmental parameters of micro-CCHP systems 
for residential use. Since a prime mover in a micro-
CCHP generates electricity and the waste heat is 
recovered downstream, the analysis is focused on 
prime movers used in micro-CCHP systems. 
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Fig. 1. Structure of a residential micro-CCHP system. 
 

3. TECHNOLOGIES FOR MICRO-CCHP 
SYSTEMS 

A prime mover in a micro-CCHP system 
generates electricity and the waste heat is reco-
vered downstream [12]. Trigeneration technologies 
for residential, commercial and institutional appli-
cations can be classified according to their prime 
mover and from where their energy source is 
derived [13]. 

The investment costs for micro-CCHP systems 
vary significantly depending on the kind of tech-
nology. This section describes four micro-CCHP 
prime movers. The prime movers to be evaluated 
include: 

 internal combustion engines; 
 stirling engines; 
 micro steam and gas turbines; 
 fuel cell systems. 

3.1. Internal combustion engines 

In micro-CCHP systems with reciprocating en-
gines, the conventional internal combustion engines 
(ICE) are coupled with a generator and heat 
exchangers to recover the heat of the exhaust gas 
and the cooling water and oil [12]. 

For micro-CCHP applications, typically, spark 
ignition engines are used, due to their heat re-
covery system producing up to 160 oC hot water or 
20 bar steam output compared to diesel engines 
where the temperature is often lower, usually 85 oC 
maximum [3]. 

Reciprocating engines have several advantages 
for micro-CCHP. First it is a mature and well-
understood technology. It can be designed for 
different fuels including gasoline, diesel, natural 
gas or landfill gas, etc. [10]. The efficiency of the 
reciprocating engine is around 25 - 45%, which 
is higher than steam engines and current Stirling 
engines. 

3.2. Stirling engines 

Stirling engine is an external combustion de-
vice. It produces power by an external heat source 
and not by explosive internal combustion. Stirling 
engines closely couple a burner to a heater-head 
heat exchanger that induces harmonic oscillations 
in a piston inside a hermetically sealed container. 
The Stirling engine itself is a heat recovery device, 
like the steam turbine. Two types of Stirling en-
gines show potential for residential cogeneration – 
kinematic Stirling and free-piston Stirling [11]. 

The Stirling engines are 15-30% efficient in 
converting heat energy to electricity, with many 
reporting a range of 25 to 30% [11]. The goal is to 
increase the performance to the mid-30% range. 
The efficiency of modern Stirling generators is 
more than 40% [11]. On heating the working 
medium to 90°C, the total efficiency of a micro-
CCHP with Stirling engine is 95% [6, 8]. 

Trigeneration systems based on natural-gas 
Stirling engines permit 40% reduction in fuel con-
sumption relative to centralized power systems. 
[12]. The cost of 1 kWh of power from a 
cogeneration system is 3-4 times less than for 
centralized power systems, and the heat generated 
is essentially free. 

3.3. Micro steam and micro gas turbines 

Although typical Rankine cycle (RC) systems 
are in the order of MW or above, some small scale 
systems have capacity as low as 50 kWe [3]. The 
RC for micro-CCHP is less expensive than the 
most other prime mover technologies and is likely 
to be a competitive prime mover technology. There 
have not been any RC engines in commercial sales 
for micro-CCHP and more testing data are needed 
to really evaluate this promising technology [12]. 

The electric capacity of current micro-turbines, 
usually 25 kW or above is too high to be in a 
residential micro-CCHP unit [12]. Research is 
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ongoing for systems with capacities less than 25 kW, 
e.g. 1 and 10 kW, which will be suitable for the 
single-family residential buildings [13]. For trige-
neration applications, an overall efficiency of 80% 
and above can be achieved. 

3.4. Fuel cells 

Fuel cells are electrochemical energy converters 
similar to primary batteries [4, 15]. 

Fuel cell micro-CHP systems are either based 
on the low temperature proton exchange membrane 
fuel cell (PEMFC) which operate at about 80°C, or 
on high temperature solid oxide fuel cells (SOFC) 
working at around 800 - 1000°C [4, 13]. 

Fuel cells normally run on hydrogen, but can also 
be used with natural gas or other fuels by external or 
internal reforming [4]. Fuel cells have several 
benefits. They have higher efficiency (up to 45% 
electric [16]) than most other prime movers [12]. 

Emissions are essentially absent [12, 4] pro-
ducing negligible amounts of pollution. 

This analysis could be synthetized in Table 1. 
Some micro-CHP systems (<5 kW) are evalu-

ated for use in residential applications by taking 
the viewpoint of a detached single family house. 
The calculated energy use profiles were then used 
to dimension the CCHP and to assess the building 
performances when CCHP is used. 

 
Table 1. Characteristics of the various types of micro-CCHP devices [6] 

Energy conversion device Energy source 
Conversion efficiency range (%) 

Electric Thermal 
Internal combustion engine Liquid fuel, natural gas 30-38 45-50 

Stirling engine 
Any type of fuel, solar 
radiation 

10-35 60-90 

Rankine cycle engine Any type of fuel, solar 
radiation 

10-20 70-85 

Fuel cell Hydrogen, hydrocarbon 30-40 40 
 

4. THE ENERGY DEMAND OF THE 
RESIDENTIAL CONSUMER 

The residential consumers energy demand is 
made of the following [7, 9]: 

 the heat demand for heating the household; 
 the hot water household demand; 
 the electrical demand for the home utilities. 
The residences energy demand has hourly, 

daily, monthly and seasonal variability. 
If we know the hourly variations of heat de-

mand we can determine the daily, weekly, monthly 
and annually energy consumptions. 

4.1. The thermal energy demand  
of the consumer 

The coldest the local climate is and the higher 
interior temperatures are, the higher the demand 
for thermal energy to heat the space. Fueling the 
heating space has to compensate for the losses of 
heat transmitted through walls and the roof, and 
also the losses given by the heated air from the 
mechanical or natural ventilation systems. The ex-
ternal temperature is the most important variable, 
for explaining the daily influence and the year-to-
year variations, the general demand for thermal 
energy. The specific heat consumptions differ from 
country to country (climate), but also depend on 
the residential consumers’ comfort level. 

 
 

Fig. 2. Room temperature. 

4.2. The hot water consumption 

Preparing the hot water in household purposes 
is the second demand of thermal energy as 
amplitude, after the demand of heat for heating 
place. This demand for thermal energy is more 
amplified in the residential sector, comparatively 
to the industrial sector. 

A recent informative document or a hot water 
medium consumption report in the European 
countries does not exist yet. 

 

 
 

Fig. 3. Hot water demand. 
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The medium hot water consumption is estima-
ted to 50/liters/day/person. 

4.3. The electric consumption demand 

The electrical demand of the residential consumer 
is dependent on the endowment of electrical 
devices in the house. If the consumed imposts 
power curve is known we can determine the daily, 
monthly, yearly electrical consumption 

 

 
 

Fig. 4. Electricity demand [15]. 
 

The standard monthly consumption of a Ro-
manian residence is (100-300) kWh and can be 
considered constant for a residence. 

5. STIRLING SYSTEMS ON BIOMASS 

The Stirling cycle engine can use different 
types of renewable sources of energy including 
biomass, solar and geothermal energy [1,8]. 

Biomass needs to undergo several processes so 
that it can be widely used as a source of energy [8, 
15]. These processes will transform its accu-
mulated energy (carbon and hydrogen) into solid, 
liquid and gaseous fuels or into electricity. 

The problems concerning utilisation of biomass 
fuels in connection with a Stirling engine are 
concentrated on transferring the heat from the 
combustion of the fuel into the working gas. The 
temperature must be high in order to obtain an 
acceptable specific power output and efficiency, 
and the heat exchanger must be designed so that 
problems with fouling are minimised. Possible 
fuels include peat, ground coal, shale, agricultural 
wastes, and wood pellets and chips. Stirling engines 
fueled by wood pellets are already in production. 
Another option that may have merit is to consider 
fuel switching between biogas and natural gas with 
a Stirling engine which is a good concept 
applicable in the waste water treatment plants [15]. 
The biogas can be also obtained from the dairy 
facilities. 

6. CONCLUSION 

In choosing the optimal architecture of the 
system m-CCHP must take firstly into account of 

consumer energy demand. Consumer demand for 
energy is dependent on climatic conditions in 
which the building is located, resulting in a large 
variety of m-CCHP architectures. 

From the point of view of energy economy and 
use of renewable fuels (wood pellets), the Stirling 
engine draws attention of the engineers for its 
advantages. 

An evaluation of five micro-CHP systems (<5 
kW) for use in residential applications was made 
on power and efficiency basis. The electric 
efficiency is better for micro-CCHP systems with 
reciprocating engines, and Stirling engines are in 
the second place. 

The thermal efficiency is better for micro-CHP 
systems with Stirling engines followed by recipro-
cating engines. From the view point of primary 
energy saving, the mCCHP system implemented 
using renewable energy (biomass, wood pellets) 
imposed the use of Stirling engine as a prime mover. 
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