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A B S T R A C T  

Small- and micro-scale combined heat and power (CHP) technologies offer great 
potential for reducing energy costs and CO2 emissions in residential and small 
commercial buildings. Among various CHP technologies, Stirling engines, 
particularly free-piston ones, show great promise in residential applications because 
of their remarkable advantages of low emissions, maintenance, noise, and vibration, 
theoretically high thermal-to-electrical efficiency, and flexibility of fuel sources. This 
paper presents a comprehensive review of Stirling-engine CHP in terms of different 
heat sources, tri-generation systems, status of commercial development, 
techno-economic issues, and challenges and future trends. The techno-economic 
assessment indicates that the relatively low on-site operational efficiencies and 
considerable investment costs are the main issues that hinder the further development 
of Stirling-engine CHP systems, and suggestions for future development are made 
accordingly. For successful commercial dissemination of Stirling-engine CHP, it is 
essential to improve the on-site electrical efficiency, reduce the capital cost of systems, 
and develop renewable-energy-powered and free-piston Stirling-engine-based CHP 
systems against the background of grid decarbonization and carbon neutrality. 
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(a) (b) 
Fig. 2. Typical configurations of (a) kinematic SE (KSE) and (b) free-piston SE 
(FPSE). 

In an ICE, fuel is injected intermittently into the cylinders, mixed with air, and 
then ignited. In an SE, by contrast, fuel is burned continuously outside the cylinders, 
and this external combustion allows an SE to use various fuel sources including 
conventional fossil fuels, renewable biomass (e.g., wood pellets, wood chips, 
agricultural residues), renewable biofuels (e.g., biodiesel, biogas, bio-syngas, 
hydrogen from renewables), exhausted gas, and concentrated solar power. The 
external combustion also makes the combustion process easy to control and allows the 
fuel to be burned more sufficiently, thereby meaning that the flue gas inherently 
contains few polluting substances. Furthermore, an SE has fewer moving components 
than does a reciprocating ICE, resulting in lower friction and wear and thus reducing 
service downtime and increasing system lifetime. Also, the lack of valves and absence 
of cyclic explosions mean that an SE operates more quietly and smoothly than does an 
ICE, thereby providing the additional benefits of low noise and vibration during 
operation. These characteristics make SEs well suited to the demands of micro-scale 
and small-scale residential CHP applications. 

2.2. Stirling-engine-based CHP systems 

Although the specific layout of an SE-based CHP system depends on which fuel 
it uses, such systems have fundamentally similar configurations. Fig. 3 shows the 
layout of a typical SE-based CHP system. The CHP systems are usually 
interconnected with a fuel distribution system, the electrical grid, and a building heat 
distribution system. Natural gas (or some other fuel) enters the building from the fuel 
distribution system, whereupon it and preheated air are mixed and ignited in the 
combustion chamber of a gas burner. The thermal energy of the combusted gas is then 
transferred continuously to the HHX of the SE, heating the internal working gas 
accordingly. The heated working gas accomplishes its thermodynamic cycle, 
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developed prototype produced up to 10 kW of electrical power, and the corresponding 
electrical efficiency was 24%. 

 
Fig. 4. Cross-sectional view of 3-kW SE developed by Thorsen et al. [22]. 

The advantages of FPSEs mean that some researchers have also developed 
prototype CHP systems based on FPSE technology in recent years. Recently, Park 
et al. [24] developed and tested a kilowatt-class FPSE with a dual-opposed linear 
alternator for micro-CHP applications; they used natural gas as the fuel in their 
prototype, which could generate 962 We of electricity with an electrical efficiency of 
23.0%. Qiu et al. [25] reported a conceptual design and performance assessment of an 
FPSE for a micro-CHP system; they optimized and examined key components of the 
engine and used the commercial Sage software to estimate the system performance, 
and the results indicated that the designed FPSE could provide 1 kWe of electrical 
power with a fuel-to-electrical efficiency of 38.3% and 1.1 kW of thermal energy at 
80°C. Zhu et al. [26] developed and experimentally verified a numerical model to 
simulate an integrated FPSE-based micro-CHP system; the model accounted for 
acoustic impedance matching between the engine and the generator, and CHP 
performance tests on their micro-CHP unit revealed that when the heating water 
temperature was above 60°C and the electrical power output was 2.9 kW, a combined 
efficiency of 87.5% and an electrical efficiency of 28% could be achieved. 

In addition, some novel engine configurations targeted at CHP applications have 
been proposed. To increase the reliability of FPSE-based micro-CHP units and reduce 
their manufacturing cost, Wilcox Jr et al. [ 27 ] designed, constructed, and 
experimentally evaluated a dual thermoacoustic SE generator (TASEG). The 
configuration of their TASEG was similar to that of an FPSE (as shown in Fig. 5), 
while the displacer components in the FPSE were replaced with a tuned acoustic 
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network consisting of a thermal buffer tube with porous flow straighteners at both 
ends. The developed TASEG prototype could output 132 W of electrical power to an 
electrical load with an electrical efficiency of 8.32%. 

 
Fig. 5. Cross-sectional view of dual TASEG [27]. 

3.1.2. Laboratory tests 

Meanwhile, various researchers have performed laboratory tests to obtain a 
better understanding of the operating and emission characteristics of SE-based CHP 
systems. At the University of Toronto, Aliabadi et al. [28] examined the efficiency 
and emissions of a WhisperGen DC micro-CHP system fired by either diesel or 
biodiesel. The system operated with diesel achieved an electrical efficiency of 11.7% 
and a thermal efficiency of 78.7%; when operated with biodiesel, the corresponding 
electrical and thermal efficiencies were 11.5% and 77.5%, respectively, which were 
slightly lower than those when running on diesel. In addition, both the particulate 
emissions and uncombusted hydrocarbon when running on biodiesel were higher than 
those when running on diesel, which was caused by a fraction of unevaporated 
biodiesel that did not burn and remained in the exhaust gas. In other work carried out 
by the same group [29,30], the CHP performance and emission parameters of the 
same micro-CHP system fueled by diesel and ethanol were tested. The CHP 
performance test results indicated that the engine operated with ethanol had lower 
electrical efficiency and higher thermal efficiency than that operated with diesel 
during the steady state. The use of continuous premixed combustion meant that 
negligible particulate emissions were monitored for both fuels. During the start stage 
with diesel, both unburned hydrocarbon emissions and species emissions were found 
to be much lower than those with ethanol, and the emissions of CO and NO with 
diesel were found to be much higher than those with ethanol. 

Rogdakis et al. [31] conducted a thermodynamic analysis and experimental study 
of a SOLO V161 Stirling micro-CHP module. The thermodynamic analysis used a 
computer code based on an ideal adiabatic model [ 32 ]. They performed an 
experimental investigation under different heat load stages, working pressure, and 
electrical power output; the results indicated that the CHP performance of the Stirling 
unit was promising and that the CHP unit was adequate for various application areas, 
and the calculated primary energy-saving ratio of such a unit was 36.8%. 
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develop a wood-powder-powered SE CHP system; that CHP plant combined a 
55-kWe SE from Stirling Thermal Motors Power with a 400-kW wood-powder 
combustion system. Nishiyama et al. [51] conducted a wood-powder combustion test 
and evaluated the burner design parameters for the CHP plant. They predicted that at 
an air ratio of 2.0 or larger, the SE could produce an electrical power output of 
55 kWe. They also studied how the air ratio, burner type, combustion-chamber length, 
and air preheating temperature affected the CO and NOx emissions. Later, Sato et al. 
[52] carried out demonstration tests on the 55-kWe SE CHP plant (as shown in Fig. 7) 
by using wood powder as fuel. The test results were satisfactory except for the 
unavoidable ash-fouling problems in SE heater tubes and fins. Therefore, they 
suggested that in addition to optimizing the combustion temperature and the engine 
inlet gas temperature, an ash-cleaning system should be added. 

 
(a) 

 
(b) 

Fig. 7. (a) Configuration and (b) photograph of wood-powder-fueled SE small-scale 
CHP plant [52]. 
























































































