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 Executive Summary 
The design and potential use of a prototype free piston Beta configuration Stirling engine able to 
produce electricity from low-grade waste heat is explored.  The design choices are meant to 
improve upon existing literature on the efficient construction of similar engines while minimizing 
the temperature gradient required for the engine to operate. Technical design choices and 
improvements to previous designs made during this process were based around simplifying 
manufacturing, assembly, and testing while maximizing engine efficiency. Due to the COVID-19 
outbreak, completion of manufacturing became unfeasible, leading to the creation of assembly 
instructions and speculative process failure modes and effects analyses to be used by a future 
team working on this engine design project. Following the modelling of the engine, the uses of a 
scaled 1-kilowatt (kW) version are considered. Guiding our research into the most efficient 
application of the model are considerations for grade of waste heat, logistics, and feasibility of 
implementation. Two of the most promising waste heat recovery applications include pairing our 
model to the steel industry (among other heavy industrial applications) and laundromats. Finally, 
a life cycle analysis for a scaled 1 kW engine was conducted in order to determine potential CO2 
emissions reductions from waste heat recovery as well as social and environmental impacts from 
manufacture. In this study we recognize both the benefits of and drawbacks of using this 
technology for our intended range of applications and as a solution to the issue of energy lost as 
low-grade waste heat.  

 Introduction 
A significant challenge in the modern built environment is the capture and utilization of low-grade 
waste heat. As a fundamental result of thermodynamics, all energetic processes release waste 
heat. Indeed, of that waste heat, “60% of waste heat losses are at temperatures below 450°F 
[230°C].”1 Examples of sources for heat rejection to the environment include: a simple light bulb, 
running electronics, hot pavement, or exhaust from engines or furnaces. Since this heat often has 
lower temperatures and lower utility, it is normally just released into the environment. This loss 
not only decreases system efficiency but can also cause ambient temperatures to rise creating 
uncomfortable environments for living and working. The ‘all-of-the-above’ policy approach to 
decarbonizing an economy requires all angles of renewable energy and energy efficiency to be 
explored, but how to reduce low grade waste heat (heat less than roughly 450F) is a relatively 
unexplored area of research.   

While some technologies exist to capture and reuse this heat, very few are able to generate 
electricity directly from the heat source and even fewer can utilize heat at very low temperatures. 
An example of a mature technology that can do this are thermoelectric generators, though these 
devices remain inefficient at low temperature gradients. Other technologies, like Organic Rankine 
Cycles, are far too complex of systems to be cost efficient. A Stirling engine can use a low 
temperature differential to produce electricity. In addition, it has the added benefit that scaling 
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laws have been established to allow the extrapolation of results from a smaller-scale prototype, 
thus adding value to demonstrating an improved version of an engine on a smaller scale. 
Motivated by a desire to solve the waste heat issue and develop a relatively low cost, high 
efficiency, and simple system for producing electricity from low grade waste heat, we explore the 
feasibility of using a novel Stirling engine design to do just that.   

 Technical Design  

3.1 Configuration Selection 
The free piston Beta Stirling engine configuration was settled on for several reasons. Among the 
three main types of Stirling engines (see. Fig. 1 below), the Beta engine represents a linear and 
compact version that allows the manufacture of the engine as a simple cylindrical pressure vessel. 
This further reduces manufacturing costs and ease of use. The free piston Stirling engine (FPSE) 
is a subset of the Beta engine (see Fig. 2), that instead of having the components connected to a 
crankshaft relies on the use of springs and damping coefficients to control the dynamics. More 
importantly, the use of a free piston removes the need to overcome the inertia and friction of 
mechanical connections associated with the crankshaft. In theory, this should increase the engine 
efficiency and lower the threshold temperature gradient required to produce engine motion.  

   
Figure 1: Three main configurations of Stirling engines. Our prototype is a subset of the Beta (center) 

configuration.2 

 
2 Patel, V. 
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Figure 2: Typical schematic of a FPSE found in literature.3 

3.1.1 Summary of Design Approach 
The approach to designing this engine was intended to build off of existing literature regarding 
the construction and testing of low-temperature differential FPSEs. After choosing to go with a 
FPSE design, we used online resources and Dr. Josiah Knight’s assistance to develop a model 
in MATLAB that accounts for dynamic and thermodynamic considerations (see Appendix A for 
script). This model allows us to predict the motion of the engine components as well as its 
expected mechanical power output. The process described was an iterative one, in which the 
parameters fed into the MATLAB model were continuously changed during the physical engine 
ideation process until a desirable simulation with a proper Stirling cycle and phase shift were 
achieved. Driving the physical engine design were three main principles: ease of 
construction/assembly, ease of testing, and safety.  

 
3 Zare, S et al. 
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3.1.2 Theory 
A Stirling engine is a type of heat engine that converts thermal energy into mechanical energy. A 
heat source provides thermal energy to the working fluid (usually a gas), which then undergoes a 
series of ideally reversible expansion and compression processes known as the Stirling cycle as 
the gas heats and cools. Dynamically, the processes are completed with the help of a displacer, 
which is able to move the gas to the chambers in which the heating/cooling occurs. To be able to 
extract mechanical power, a power piston seals the gas/displacer space. Due to the pressure 
variations in this space due to the gas heating/cooling, the piston experiences a net force. The 
springs attached to the displacer and piston provide a restorative force that allows the motions to 
occur cyclically, as long as there is a heat source. The net force experienced by the piston can 
be used to drive a magnet attached to it through loops of wire. This magnetic motion induces 
current in the wire known as electricity.  

3.1.2.1 Thermodynamic Principle 
The ideal Stirling cycle is shown below in Fig. 3. In step 1→ 2, isothermal compression of the gas 
occurs at cold temperature 𝑇𝑇𝑐𝑐. Then, from 2→ 3, the gas heats at a constant volume as it absorbs 
heat from the heat source. From 3→ 4, isothermal expansion of the gas occurs at hot temperature 
𝑇𝑇ℎ. Lastly, during 4→ 1 the gas cools at a constant volume as it transfers heat to its surroundings. 
During this process, the presence of a regenerator would allow some of the heat rejected during 
4→ 1 to be used during the heating 2→ 3 process, thus lowering the amount of heat energy 
wasted. The net-result of this cycle is mechanical work/energy the pressure-volume changes of 
the gas induce on the moving engine parts.4 For a Stirling engine oscillating at frequency f with 
hot volume 𝑉𝑉ℎ,cold volume 𝑉𝑉𝑐𝑐, regenerator volume 𝑉𝑉𝑟𝑟 and temperature 𝑇𝑇𝑟𝑟 the power output P can 
be calculated using Equation 1 below. M and R represent the mass and gas constant values, 
respectively, for the working gas inside the chamber. 

𝑃𝑃 = 𝑓𝑓 ∗ ∫𝑀𝑀𝑀𝑀 (𝑉𝑉ℎ
𝑇𝑇ℎ

+ 𝑉𝑉𝑐𝑐
𝑇𝑇𝑐𝑐

+ 𝑉𝑉𝑟𝑟
𝑇𝑇𝑟𝑟

)−1  𝑑𝑑𝑉𝑉 Eq (1) 5 

 

 
4 Moran 
5 Riofrio, J.A et al. 
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Figure 3: Ideal Stirling Cycle Pressure-Volume (P-V) diagram.6 

3.1.2.2 Dynamic Principle  
In a typical FPSE, the Stirling cycle is completed through the use of several key components: a 
displacer, a piston, and springs (see Fig. 2 above). The gas is able to move between the hot side 
(expansion chamber) and cool side (compression chamber) due to the displacer which moves the 
gas through the space between the cylinder wall and the displacer. As the displacer oscillates 
with the help of a spring, it is able to affect the pressure of the gas in the working chamber 
(expansion and compression spaces combined). When the displacer allows gas into the 
expansion chamber, these molecules gain energy from the heat source and the working pressure 
increases. The opposite occurs when the displacer moves the gas to the compression chamber, 
lowering the working pressure as the gas cools. The power piston experiences significant force 
amplitudes as a result of pressure fluctuations from which it is able to extract useful mechanical 
work. It is worth noting in the configuration shown, the displacer moves because it is dynamically 
linked to the piston as well as because it has a small rod extending all the way down to the bounce 
space to attach its spring and thus exhibits a much smaller force similar to the one described for 
the piston due to the pressure difference7.  

3.1.2.3 Electromagnetic Principle and Damping 
In order to extract electrical power from the mechanical power of a FPSE, a magnet is usually 
attached to the power piston. The oscillating magnet produces a changing magnetic field through 
its range of motion. This changing magnetic field can induce a current in conductive material, per 
Lenz’s law. A linear generator most commonly consists of a magnet (or set of magnets) oscillating 

 
6 Moran. Figure 9.21 
7 Riofrio, J.A et al. 
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through loops of a conductive copper wire, thus inducing a current in the wire which can be 
connected to an external load for use.8  

These currents, known as eddy currents, can create a physical drag force which would oppose 
the motion of the changing magnetic field in a matter that is proportional to the velocity of the 
moving magnet. A formula for the damping coefficient as a function of magnet and conductor 
parameters has been proposed by a few papers.9 This formula was used to estimate the 
approximate value of a piston damping coefficient that can be expected by the magnets we could 
source. Admittedly, the result is not exact but has the advantage that we can adjust said value by 
adjusting the number of active coils in the generator, thus allowing for flexibility to reach the range 
of damping we design for.  

Similarly, damping was estimated for the displacer due to viscous effects of the gas moving 
through the regenerative space using an equation found in literature as a function of fluid 
properties and drag coefficient from its velocity.10 Nonetheless, similar to the piston damping 
coefficient, this is simply an estimate that can be experimentally varied with the amount of 
regenerative material used. While we recognize the lack of robustness in this aspect of the 
modelling, these estimates were used when validating the MATLAB model with an online paper, 
who also did not report damping coefficients, as explained later when describing the model.  

3.1.3 General Engine Ideation 
Literature available on constructed or just simulated FPSEs provide varying degrees of dynamical 
information, and little to none on construction details. One paper was found to provide the most 
physical parameters with a size and heat source that were deemed plausible for construction and 
testing with our available resources. This study allowed us to validate our modelling, as mentioned 
below. More importantly, our prototype proposes significant changes that we believe would result 
in a much higher mechanical power output than the one presented (approx. 3 W).11   

First, our main diameter is much bigger (3.5’’ compared to 1.4’’), this would allow for a higher 
volume of swept gas thus increasing power output, per eq. 1. Second, we propose using helium 
as working gas (as opposed to air). Switching to helium would mean the working gas is physically 
lighter and has a higher thermal conductivity.12 These properties would presumably allow the gas 
to move with less difficulty and allow the transfer of heat with greater ease throughout the cycle. 
Third, we propose the use of regenerative material to increase the efficiency of the cycle, thus 
resulting in higher power output for the same heat source. Lastly, while their engine configuration 
(Fig. 3 above) has an extended rod that goes through the piston that could result in some leakage 
from the working chamber, our engine does not, presumably allowing for less leakage. With these 
changes in configuration, our MATLAB model was used to find adequate lengths and springs 

 
8 Ebrahimi, B. et al.   
9 Ebrahimi, B. et al; Partha, P. et al 
10 Khripach, N. et al. 
11 Zare, S et al. 
12 Thermal Conductivity 
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(Appendix A). Having selected engine dimensions, a prototype was designed and modelled in 
SolidWorks. Design decisions will be further discussed in the Engine Design Prototype section.  

3.2 Analysis and Computational Modelling 

3.2.1 Dynamic & Thermodynamic Model: MATLAB  
Several papers have modelled the dynamics and thermodynamics of a Stirling engine using 
numerical simulation procedures.13 Whereas the approaches to solving their models differ, their 
assumptions and equations of motion (EOMs) were similar and were also used in this study. It is 
worth noting that “solving” the models in literature consisted in both simulating the motion of the 
engine components and optimizing their parameters; the MATLAB model presented is limited to 
simulation and no optimization was performed (Appendix A). The MATLAB model works inside a 
loop that is set up using the EOMs and critical engine parameters and components. A small force 
perturbs the piston which sets the engine in motion. The engine’s slight motion is then used to 
calculate an instantaneous working pressure of the gas as a function of instantaneous volumes 
and constant temperatures; these pressure changes are used to calculate a new force that 
perturbs the engine. The loop runs until the calculated force is no longer changing and the engine 
runs at steady state. An ideal result would mean a recognizable pressure-volume graph as well 
as a phase shift between the piston and displacer as close as possible to 90°, though many 
papers report working engines with phase shifts with as much as about 30° from this target in 
either direction.14  

The most important assumptions for the adiabatic thermodynamic models are:  

1. The pressure at any given time in the working chamber is the same. 
2. The expansion and compression chambers have constant temperature 𝑇𝑇ℎ and 𝑇𝑇𝑐𝑐, 

respectively, along with a logarithmic mean difference temperature in the regenerator 
space 𝑇𝑇𝑟𝑟. 

3. The working gas is an ideal gas.15 Following the physical engine ideation and consulting 
with literature and Dr. Knight, the EOMs for our engine are presented below in Fig 4. 

The MATLAB model was validated using parameters provided by a published paper, yielding 
similar amplitudes and phase shift as the ones presented in their work.16 Understanding frequency 
would most likely be associated with the heat source and this work had a design frequency of 10 
Hz for a 200K temperature difference, a frequency of 10 Hz and 200K temperature difference was 
kept for our design. 

 
13 Zare, S et al; Riofrio, J et al; Karabulut, H; Sowale, A. 
14 Zare, S et al; Riofrio, J et al; Karabulut, H; Sowale, A. 
15 Karabulut, H. 
16 Zare, S. et al. 
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Figure 4: Dynamic Diagram & EOMs for our FPSE prototype. 

The following table (Tab.1) summarizes the more critical parameters to our engine model. A more 
comprehensive list can be found in Appendix E.1.  

Table 1: Summary of input parameters to MATLAB model 

Parameter Value 

Frequency (f) 10 Hz 

Main diameter (𝑑𝑑) 7.62 cm (3.5’’) 

Hot temperature (𝑇𝑇ℎ) 500K (227℃) 

Cold temperature (𝑇𝑇𝑐𝑐) 300K (27℃) 

Gas & bounce pressure (𝑃𝑃𝑏𝑏) Helium (1.01 bar) 

3.2.2 Motion Analysis: SolidWorks 
After modelling the individual components of the prototype in SolidWorks, we proceeded to 
conduct a motion analysis study that considers the same variable inputs and intermediate outputs 
as the MATLAB model (springs, damping, resulting force). The results can be shown below in Fig 
5.  
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Figure 5: Displacer & Piston Displacement Results from SolidWorks Motion Analysis 

A comparison of our MATLAB & SolidWorks Motion Analysis results is summarized in Tab. 2 
below. Most notably, while the piston and displacer amplitudes are similar, the phase shifts are 
distinct, resulting in significant disparity in power output between the two models. The SolidWorks 
model results in a higher phase shift than the MATLAB one, further away from the 90 degrees 
ideal target. In turn, this presumably leads to the model’s lower predicted power output. While the 
exact reason for the difference in model phase differences is not known, the group theorized that 
there could be some frequency-dependent effects (vibrations) in the SolidWorks motion that were 
not accounted for in the MATLAB model. The pressure-volume diagrams can be seen in Fig. 6 
below, as well. It is worth noting none of the models consider fluid viscosity in their calculations, 
which certainly would have an effect in the actual experimental testing of the engine.  

 

Table 2: Summary of results from MATLAB & SolidWorks models for a 200K temperature difference 
between the hot and cold volumes 

Parameter MATLAB 
Model 

SolidWorks 
Model 

Piston Amplitude 1.62 cm 1.61 cm 

Displacer Amplitude 1.25 cm 1.22 cm 

Phase Shift 85° 108°  

Mechanical Power 31 W 23 W 
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Figure 6: Pressure-Volume (P-V) modelling comparison 

3.2.3 Static Spring-Mass System Linear Geometry Calculation 
Given an arbitrary cylinder length (defined as 12 inches), two static scenarios were constructed 
in order to predict and verify piston and displacer linear motion and the resulting engine cylinder 
geometry. With equations constructed from each scenario, we can construct a relationship 
between the force of gravity and the extension of each spring to verify that springs of equal spring 
constants to those determined by the MATLAB modelling process. This relationship will do the 
following:  

1. Ensure that each spring will always be in tension 

2. Determine how much of each spring (lengths defined by the offering available on 
McMaster Carr) must be recessed within abutting surfaces in order to maintain the dead 
space volumes specified by the MATLAB model.  

Each of these parameters represent critical to function geometries. For both scenarios, spring 1 
anchors the piston to the top of the cylinder, spring 2 connects the piston to the displacer, and 
spring 3 anchors the bottom of the displacer to the bottom of the cylinder. The variables are 
labelled as follows 

Fs1 = Force of spring 1  
Fs2 = Force of spring 2 
Fs3 = Force of spring 3 
k1 = Spring constant 1 
k2 = Spring constant 2 
k3 = Spring constant 3 
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lr1 = Relaxed length of spring 1 
lr2 = Relaxed length of spring 2 
lr3 = Relaxed length of spring 3 
δ1 = Initial extension of spring 1 without gravity 
δ2 = Initial extension of spring 2 without gravity 
δ3 = Initial extension of spring 3 without gravity 
Fs1 = Hooke’s law tensile force of spring 1 
Fs2 = Hooke’s law tensile force of spring 2 
Fs3 = Hooke’s law tensile force of spring 3  
x1 = Piston displacement when gravity introduced 
x2 = Displacer displacement when gravity introduced 
Ap = Piston Amplitude (from Matlab model) 
Ad = Displacer Amplitude (from Matlab model) 
mp = Piston mass 
md = Displacer mass   
g = The gravitational constant  
lrec2 = The spring 2 recess length required to facilitate a 12-inch cylinder 
lrec3 = The spring 3 recess length required to facilitate a 12-inch cylinder 
lp = piston length  
ld = displacer length  
L = overall length 12 inches  
 

Scenario 1: Extended Without Gravity 

 

 
Figure 7: Extended without Gravity 

 

From the sketch above, we attain the following relationships… 

𝐹𝐹𝑠𝑠1 = 𝐹𝐹𝑠𝑠2 =  𝐹𝐹𝑠𝑠3 Eq (2) 

𝐹𝐹𝑠𝑠1 = 𝑘𝑘1𝛿𝛿1 (𝑒𝑒𝑒𝑒𝑒𝑒),∴  𝑘𝑘1𝛿𝛿1 = 𝑘𝑘2𝛿𝛿2 = 𝑘𝑘3𝛿𝛿3 Eq (3) 

𝐿𝐿 =  𝑙𝑙𝑟𝑟1 + 𝛿𝛿1 + 𝑙𝑙𝑟𝑟2 + 𝛿𝛿2 + 𝑙𝑙𝑟𝑟3 + 𝛿𝛿3 + 𝑙𝑙𝑝𝑝 + 𝑙𝑙𝑑𝑑 Eq (4) 

 

Scenario 2: Extension with gravity  
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Figure 8: Extended with Gravity 

From scenario 2, we attain the following relationships… 

𝐹𝐹𝑠𝑠1 = 𝐹𝐹𝑠𝑠2 + 𝑚𝑚𝑝𝑝𝑔𝑔 Eq (5) 

 𝑘𝑘1(𝑥𝑥1 + 𝛿𝛿1) = 𝑘𝑘2(𝛿𝛿2 + 𝑥𝑥2 − 𝑥𝑥1) + 𝑚𝑚𝑝𝑝𝑔𝑔  Eq (6) 

𝐹𝐹𝑠𝑠2 = 𝐹𝐹𝑠𝑠3 + 𝑚𝑚𝑑𝑑𝑔𝑔 Eq (7) 

 𝑘𝑘2(𝛿𝛿2 + 𝑥𝑥2 − 𝑥𝑥1) = 𝑘𝑘3(𝛿𝛿3 − 𝑥𝑥2) + 𝑚𝑚𝑑𝑑𝑔𝑔  Eq (8) 

  
The equations from scenario 1 allow us to determine each value of δi for a given overall length, 
piston length, displacer length, relaxed spring constants, and set of spring constants. The 
equations from scenario 2 allow us to determine the displacement of the piston and displacer 
under the influence of gravity. With this system of equations, we can verify the following ‘critical 
to function’ (CTF) relationships:  

(𝛿𝛿2 + 𝑥𝑥2 − 𝑥𝑥1) > 𝐴𝐴𝑝𝑝 + 𝐴𝐴𝑑𝑑   Eq (9) 

(𝛿𝛿1 + 𝑥𝑥1) >  𝐴𝐴𝑝𝑝  

(𝛿𝛿3 − 𝑥𝑥2) >  𝐴𝐴𝑑𝑑  

To reiterate, these relationships are CTF because they determine whether each spring will be in 
tension at all points within the Stirling cycle. If a spring were to lose tension, it would cause a 
radial deflection in either the piston or displacers motion and possibly jam the engine. Given that 
spring selection was limited by availability on McMaster Carr, spring selection was iterative. By 
this, we mean that a set of springs that were as short and robust as possible were selected based 
on desired spring constants. Each spring’s characteristics were then plugged in to the above 
equations to verify the CTF criteria were met. This was done in Maple for efficiency. The final 
iteration and applied code can be found in Appendix B and the final spring values are listed below. 
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Table 3: Spring values 

 Spring constant (N/m)  Spring Relaxed Length 
(Inches)  

Spring 1 1388 2.75” 

Spring 2 485 3” 

Spring 3 275.3 2” 

 

Finally, recessed lengths were calculated from the overall length compared to scenario 2. 
Recessed lengths are likewise CTF as they maintain the required dead space above the displacer 
and between the displacer and piston. The calculations are as follows…  

𝑙𝑙𝑟𝑟𝑟𝑟𝑐𝑐2 = (𝑙𝑙𝑟𝑟2 + 𝛿𝛿2 + 𝑥𝑥2 − 𝑥𝑥1)− 4𝑒𝑒𝑚𝑚 (𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒 𝑑𝑑𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑑𝑑𝑒𝑒𝑒𝑒 𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑑𝑑 𝑝𝑝𝑠𝑠𝑠𝑠𝑒𝑒𝑝𝑝𝑑𝑑 𝑠𝑠𝑑𝑑𝑑𝑑 𝑑𝑑𝑠𝑠𝑠𝑠𝑝𝑝𝑙𝑙𝑠𝑠𝑒𝑒𝑒𝑒𝑑𝑑) Eq (10) 

𝑙𝑙𝑟𝑟𝑟𝑟𝑐𝑐3 = (𝑙𝑙𝑟𝑟3 + 𝛿𝛿3 − 𝑥𝑥2) − 3𝑒𝑒𝑚𝑚 (𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒 𝑑𝑑𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑑𝑑𝑒𝑒𝑒𝑒 𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑑𝑑 𝑑𝑑𝑠𝑠𝑠𝑠𝑝𝑝𝑙𝑙𝑠𝑠𝑒𝑒𝑒𝑒𝑑𝑑 𝑠𝑠𝑑𝑑𝑑𝑑 𝑏𝑏𝑝𝑝𝑒𝑒𝑒𝑒𝑝𝑝𝑚𝑚) Eq (11) 

 

Table 4: CTF Relationships 

Relationship Value Value to Exceed for CTF 

𝛿𝛿2 + 𝑥𝑥2 − 𝑥𝑥1 3.21cm 2.87cm 

𝛿𝛿1 + 𝑥𝑥1 2.67cm 1.62cm 

𝛿𝛿3 − 𝑥𝑥2 4.96cm 1.25cm 

𝑙𝑙𝑟𝑟𝑟𝑟𝑐𝑐2 7.41cm - 

𝑙𝑙𝑟𝑟𝑟𝑟𝑐𝑐3 7.04cm - 

 

From these CTF values, the length of the piston, the length of the displacer, the neutral distance 
between the displacer and piston, the magnet assembly length, overall cylinder length and end 
cap countersink lengths can be calculated. Any alterations to the above spring values required 
recalculating the above values and the cylinder dimensions. Should a future team attempt to 
modify the overall engine design, we recommend purchasing custom springs that are short 
enough to drastically reduce the recess lengths (such springs are unavailable off of the shelf).  

3.2.4 FEA & Thermal Studies 
An FEA study on the pressure vessel looked into yielding due to the internal pressures we 
anticipate reaching (≤ 2 bar). This resulted in a max stress of 133 psi, with safety factor n>240 for 
our thick-walled steel pressure vessel (see Appendix C). While this is not a failure we anticipate, 
other possible modes of failure are considered. Principally, we anticipate interfacial pressure leaks 
due to poor pipe connections. This would occur either as a slow leak at the pipe fittings for the 
connections between the piston cylinder and bounce space, or as a pressure leak around the wire 
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strain relief fittings could occur. Despite the high rating of the Teflon tape being used to seal the 
threads, this could occur due to testing as the engine will have to be assembled and disassembled 
several times. A secondary mode of failure along these lines could occur as a failure in the gasket 
that creates a face seal between the cap flange that closes the top of the piston cylinder.  

A thermal study was conducted to determine whether external experimental cooling would be 
needed. With a heat source providing an approximate 200℃ temperature in the hot chamber, the 
cold chamber will get as hot as ~90℃ (see Appendix C) It is in our best interest to lower the 
temperature of the cold chamber to room temperature (~23℃) to achieve a higher temperature 
differential, which we hope to experimentally achieve with the use of cooling water, as explained 
later.  

3.3 Engine Design Prototype  
Aside from fundamental geometry, masses, and spring parameters, decisions for the practical 
design of the engine were guided by three major considerations: 

1. Machinability  
2. Ease of assembly and disassembly 
3. Safety  

Regarding manufacturability, it was our goal to minimize the number of machining operations and 
maximize the number of stock parts that could be readily purchased. There were multiple 
motivations for this. First, we sought to make the engine as simple as possible for students to 
manufacture with the resources available in the Pratt student machine shop. Second, sourcing 
stock parts and reducing machining operations ensured that costs involved in prototype 
manufacturing are also minimized. It should be noted that the cost per watt of power produced 
will be relatively high for this prototype. 

With testing planned as an important component of the experimental engine design, it was 
necessary to design an engine that could be readily assembled and disassembled to modify or 
replace parts as needed. This motivated the design of a stationary but removable stack of 
components within the engine cylinder, consisting of the Regenerator Housing, Sleeve Bearing, 
and Generator Housing. The component stack is held in place by a removable snap ring. 
Threaded connections were included between the masses (displacer and power piston) and the 
springs in order to allow changing out of springs should it become necessary. A further design 
modification was made by adding a threaded plug to the end cap to make insertion of the displacer 
and piston easier. By removing all but essential permanent connections (essential connections 
such as weldments), a level of variability was afforded to maximize the likelihood of engine 
success.  

Finally, a strong consideration was safety. Even pressurizing the engine to a mean pressure of 2 
bar presents a considerable risk to those testing the engine under these conditions. As such, the 
engine’s outer shell was designed as a thick wall pressure vessel (Appendix C). As referenced in 
the previous section, the pipe wall that was selected was as thick as possible to maximize the 
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factor of safety. SolidWorks CAD files of the complete engine design will be supplied with this 
report (Appendix D).  

3.4 Manufacturing  
This section will discuss part machining and engine assembly. Due to the COVID-19 outbreak 
beginning in March of 2020, completion of engine construction was not feasible within the initially 
proposed design timeline. Instead, we provide a comprehensive guide and suggest solutions for 
anticipated complications such that an independent research group or contractor could construct 
our proposed engine design.  

It should be noted that this section has mutually reinforcing sections. The user ought to first review 
the assembly procedure, which itself will reference the technical drawings and machining 
instructions in Appendix E. Before beginning assembly, the user also ought to consult the 
speculative process failure mode and effects analysis (PFMEA) sections and familiarize 
themselves with possible issues that may arise during manufacturing and proposed solutions for 
how to overcome those issues (Appendix F).  

3.4.1 Assembly Procedure 
To begin, the user ought to consult the proposed bill of materials provided in Appendix G. This is 
a comprehensive bill of materials for both the manufacturing and testing of the Stirling engine 
prototype. This bill of materials includes cost calculations for materials in the case that (a) the 
designers have access to the Duke University Mechanical Engineering labs and (b) all parts must 
be purchased outright. The assembly procedure, provided in Appendix H, will walk the user step 
by step through the process of machining and assembling the engine. The assembly procedure 
will reference the technical drawings for specific instructions on machining individual parts. It also 
references entries in the PFMEA as relevant. The designers of this engine anticipate that the 
following machines will be necessary to assemble the engine prototype:  

● CNC Lathe  
● CNC Mill  
● 3D Printing with the capability to print steel. Our quotes were through Duke Bluesmith 

using 17 4 PH stainless steel printed on a Desktop Metal Studio System™ printer. 
● Basic FDM 3D printer (we recommend the Ultimaker S3) 

3.4.2 Technical Drawings  
Technical Drawings of the Stirling engine, including the… 

● Overall engine model 
● Machining instructions for individual parts 
● Welding diagrams 

...Are provided in Appendix E. These should be referenced as specified by the assembly 
procedure in Appendix H.  
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3.4.3 Process Failure Mode and Effects Analysis  
In order to preempt possible complications involved with engine manufacturing, testing, and 
operation, a process failure mode and effects analysis (PFMEA) was conducted by the designers 
of this engine. It should be noted that this PFMEA was not conducted through observation of an 
existing manufacturing process. Due to the inability to manufacture this engine, the PFMEA is 
entirely speculative. As such, the standard qualitative measures of severity, occurrence, and 
detection are likewise speculative. All possible modes of failure must be considered and changes 
to the design must be made as failure modes occur. We therefore propose solutions to each of 
these modes of failure in order to provide a response to any issues an independent group may 
encounter when construction of this engine. The PFMEA for manufacturing, testing, and operation 
can be found in Appendix F.  

3.5 Testing, Evaluation and Results 

3.5.1 Test Setup 
To test the functionality of the Stirling engine prototype, an experimental setup was 
conceptualized and planned for implementation to supply the temperature differential, path for 
power output, and pressure required to generate measurable power output from the engine. This 
experimental setup includes the following sub-assemblies, listed here with a brief description of 
their working principles and justifications. A full list of the components required for testing can be 
found in the bill of materials in Appendix G, while assembly instructions for the experimental setup 
may be found in Appendix I. 

3.5.1.1 Test Shield 
The test shield is constructed from an 80-20 10-series erector frame and ⅛” thick acrylic sheeting. 
Dimensions of the area protected by the full test shield assembly are as follows:  12.5” x 12.5” x 
21.5”. The thickness of this sheeting was chosen so as to provide ample protection from impact 
forces due to potential pressure fitting or engine body failure. A hinged door in the sheeting serves 
to allow tubing and wiring to pass from the shield interior, which houses the engine. The bottom 
of the shield is kept free of sheeting so as to allow for the shield to be placed over top of the 
engine. A 4” overhang of 80-20 frame on the bottom of the shield allows for the base to be weighed 
down with exterior weights so as to minimize frame movement during testing. 

3.5.1.2 Cooling coil 
The cooling coil is designed to lower the temperature of the cold side area of the experimental 
engine as close to 23°C as possible, such that the temperature differential between hot and cold 
sides is large enough for the engine to run. As described in the prior section on FEA and thermal 
studies, this engine run without a cooling element would see a temperature of as high as 90°C on 
the cold side due to conduction of heat added to the warm side.  
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Such cooling is attained utilizing convective and conductive heat transfer, in a process with a 
similar working principle to a basic heat exchanger. A SEAFLO 21-series diaphragm pump is run 
to pump cold tap water at 1.2 gm from a reservoir through a ¼” OD copper coil wrapped around 
the cold side of the engine. Setup of the cooling coil assembly is detailed in Appendix I. 

It is possible that this first basic cooling coil may not lower the cold side temperature close enough 
to 23°C to enable the engine to generate power, a failure condition described further in the 
“Testing” section of the PFMEA in Appendix F. Should this condition occur, a number of remedies 
may increase the convective heat transfer an appreciable amount, including adding coolant to the 
reservoir and purchasing a more expensive pump with a higher flow rate. With the materials at 
hand, however, the basic cooling coil described previously was determined to be an acceptable 
first attempt at attaining the desired cold side temperature. 

3.5.1.3 Heating coil 
The heating coil was chosen to supply the engine with a hot side temperature of 200°C, a value 
safely consistent with the lower level waste heats analyzed for engine applications. A 400 W 
Tempco band heater was chosen so as to allow for increases in hot side heat flux up to and above 
the flux required for a 200°C hot side temperature, should the 200°C value prove either more 
difficult to attain or not high enough to generate the desired power output. Heat flux calculations 
are included in Appendix J, while control instrumentation of the heating coil is described in the 
following section.  

3.5.1.4 Instrumentation and measurement 
1. Power output 

The working principle of the experimental engine’s power generation, as described in a 
previous section on “Electromagnetic Principle and Damping” involves linear motion of a 
magnet attached to the piston inducing current in a coiled linear generator wire. Calculations 
in Appendix J estimate 1312 wire turns (11m of coil) are possible around the area through 
which the magnet moves, an axial path of twice the estimated piston motion amplitude. To 
measure power output, the ends of this coil will be connected to a load resistor, and voltage 
across the resistor will be measured and recorded via a DAQ board and a LabVIEW VI. As 
identified in the calculation section, a load resistance equal to the estimated coil resistance of 
.5 Ω will yield the maximum power transfer. With practical material limitations, such a 
resistance is most easily attained by wiring two 1Ω resistors in parallel. 

2. Heating coil control 

To reach and maintain a hot side temperature of 200°C, a closed control loop connecting a 
temperature reading to heating coil power supply is required. The hot side of the generator 
will be instrumented with a thermocouple, which will feed into a data input pin of a data 
acquisition (DAQ) board. The power output to the heating coil will be controlled by a DAQ 
output connected to a relay. In this way, source power will be supplied to the heating coil via 
pulse width modulation (PWM) implemented with a LabVIEW VI. A PID control loop in 
LabVIEW will serve to relate the power output to the temperature reading, allowing the 
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temperature to be maintained at 200°C. Tuning of this control loop prior to experimental testing 
will be required to ensure that the system properly attains and maintains the target 
temperature without excessive overshoot or variation. 

3. Other data 

In addition to the data values for hot side temperature and load resistor voltage drop, data will 
also be collected for the cold side temperature to measure the effectiveness of the convective 
cooling system.  

A comprehensive analysis of the failure modes of the experimental setup may be found in the test 
setup subsection of the PFMEA in Appendix F.  

Of importance to the general safety of experimenters is both the use of personal protective 
equipment (PPE) and a knowledge of the potentially dangerous planes, areas, and components 
of the control setup. Experimenters are advised to wear protective eyewear at all times, and 
exercise caution when handling wired components and the heating coil to minimize risk. 
Dangerous planes include the area directly outside the window in the test shield through which 
the wires and tubing are passed, as well as the paths along which pressure fittings in the engine 
body would be most likely to eject. Experimenters are advised to avoid being present in these 
areas during engine operation whenever possible. 

3.5.2 Testing Approach 
As the function of the engine will not yet be confirmed at the time of first experimental 
implementation, a series of tests before operation at full pressure with helium gas is 
recommended for the purposes of both safety and ease of troubleshooting. Testing should be 
conducted in the following sequence: 

Table 5: Testing Iterations 

Test Iteration Working Fluid Pressure 

1 Air Atmospheric 

2 Air 2 bar 

3 Helium Atmospheric 

4 Helium 2 bar 
 

A speculative set of instructions for experimental procedure may be found in Appendix K. Based 
on analysis of the potential engine failure modes, test iteration 1 would be the step of the 
experiment at which the majority of compromising failures would be expected to occur. Should 
the engine begin moving and generate an amount of power within a reasonable range of the 
expected values for this stage, continuation to further iterations of testing should yield useful 
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experimental results as to the effects of temperature and working fluid on engine functionality. 
Alternatively, should the engine not demonstrate proper functionality during test iteration 1, both 
the assembly and use case sections of the failure mode analysis in Appendix F should be 
referenced to determine possible causes of engine failure. 

3.5.3 Expected Results 
Using the geometries and material properties of the chosen Stirling engine setup, hand 
calculations were performed to determine expected power output values during experimentation. 
These calculations are included First, the number of wire turns were calculated using the 
geometry of the linear regenerator slot, as well as the accompanying coil resistance of this length 
of wire: 1312 turns, resulting in a coil resistance of 0.5823 Ω (Appendix J). Next, two methods 
were used to calculate magnetic flux, such that values for emf were derived. The following 
equations relating flux, magnetic flux density, and coil area were used: 

𝑑𝑑𝛷𝛷𝑏𝑏 = �𝐵𝐵𝑟𝑟𝑒𝑒𝑥𝑥𝑝𝑝(−𝑑𝑑/𝛿𝛿)𝑑𝑑𝑑𝑑𝑑𝑑𝜃𝜃 Eq (12) 

𝑑𝑑𝛷𝛷𝑏𝑏 = 𝐵𝐵𝑟𝑟 ∗ 𝐴𝐴 
 

Eq (13) 

Where 𝐵𝐵𝑟𝑟 is taken from magnet specifications (1.37T), r describes the distance of the coil from 
the center of the magnet, θ represents the angle and coil turns, and 𝛿𝛿 denotes magnetic skin 
depth of copper. The following equation was used to then calculate the electromagnetic force 
associated with magnet motion:  

𝑒𝑒𝑚𝑚𝑓𝑓 =  𝑁𝑁 ∗ 𝑑𝑑𝛷𝛷𝑏𝑏 ∗ 𝑓𝑓 Eq (14) 

which led to values of 5V and 8V from the above two magnetic fluxes, respectively. Based on 
previous Stirling engine literature, the 5V emf value was chosen17. Finally, Ampere’s law and the 
equation for power were used to calculate expected current and associated power power output18: 

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑒𝑒𝑚𝑚𝑓𝑓 ∗ 𝐼𝐼 − 𝐼𝐼2 ∗ 𝑀𝑀𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 Eq (15) 

𝐻𝐻 ∗ 𝑙𝑙𝑚𝑚 = 𝑁𝑁 ∗ 𝐼𝐼 Eq (16) 

 

Where I represents current, 𝑀𝑀𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 represents the above calculated coil resistance, H represents 
field strength as calculated by H=B/N, and 𝑙𝑙𝑚𝑚 represents mean coil turn length. These calculations 
led to a final expected output power of 1.87 W. While experimentation will be required to confirm 
the fidelity of this value to the functioning experimental setup, an expected output value of 1.87 
W may serve as the first step towards determining that the setup is working properly with a single 
magnet. 

 
17 Susana et al. 
18 Eriksson 
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3.6 Scaling 

3.6.1 Power Output 
This prototype was designed to generate a proof of concept that could then be scaled to produce 
a larger amount of power. To understand how this model could be scaled, two methods of 
predicting power output for Stirling methods can be used. These methods are the Beale and West 
numbers. 

The Beale number is used to characterize the performance of a Stirling engine. It is defined as 

𝐵𝐵𝑛𝑛 =  
𝑊𝑊𝑜𝑜

𝑃𝑃𝑚𝑚𝑓𝑓𝑉𝑉𝑜𝑜
 

 
Eq (17) 

Where Bn is the Beale number, WO  is the power output of the engine, Pm  is the mean pressure 
of the engine, f is the engine cycle frequency, and VO is the volume swept by the piston.  

The West number is another way to characterize the performance of a Stirling engine, and uses 
the Beale number as a part of this calculation, but also considers the temperature dependence of 
the engine. The West number is calculated by 

𝑊𝑊𝑛𝑛 = 𝐵𝐵𝑛𝑛
𝑇𝑇ℎ + 𝑇𝑇𝑐𝑐
𝑇𝑇ℎ − 𝑇𝑇𝑐𝑐

 

 
Eq (18) 

where Th is the hot temperature and Tc is the cold temperature.19 

Both of these non-dimensional numbers can be used in order to determine the power output of a 
larger engine based on the prototype. In order to do this, the power output of the prototype needs 
to be determined through testing, as discussed in the Discussion, Evaluations, and Results 
section above. Once this is determined, both the Beale and West numbers can be calculated for 
the prototype and used to determine how much power the same design would generate with a 
given piston size.  

3.6.2 Beale and West Estimates 
Estimates of the Beale and West numbers can be calculated based on the MATLAB and 
SolidWorks models of the prototype. For the Beale number, the prototype’s power output, mean 
pressure, frequency, and swept volume of the piston must be known. The power output of the 
prototype, modelled in SolidWorks, was found to be 23 W. It’s mean pressure frequency, and 
swept volume were designed to be 1 bar (or 101325 Pa), 10 Hz, and 1.63 x 10-4 m3, respectively. 
Inserting these numbers into the equation for the Beale number (Eq 17) gives that the Beale 
number for the engine is 0.14.  

In order to find the West number, the Beale number and the hot and cold temperatures must be 
used. The prototype was modelled to be tested with hot and cold temperatures of 500 K and 300 

 
19 Connor Speer et al. 
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K, respectively. Inserting these numbers into the equation for the West number (Eq 18) gives that 
the West number for the engine is 0.56. 

3.6.3 Manufacturing Cost 
In order to determine the manufacturing costs for a 1 kW engine, several factors of the differences 
between prototype manufacturing and large-scale manufacturing have to be taken into account. 
Some of these factors include the size of the parts, the methods of part production and assembly, 
and volume discounts. The increase of part sizes and machining would contribute to an increase 
in cost, while the volume discounts and automation of production would contribute to a decrease 
in cost.  

3.6.3.1 Increase in Part Size 
To determine the increase in cost associated with the increase in size from the prototype engine 
to a 1 kW engine, the needed increase in part size was determined, and the cost was scaled 
accordingly.  

In order to determine the size of the Stirling engine needed to produce 1 kW, the Beale number 
calculated based on the prototype, 0.14, can be used. By inserting this Beale number, the desired 
power output of 1 kW, the mean pressure of 1 bar, and the frequency of 10 Hz into the equation 
for the Beale number, the corresponding volume that must be swept by the piston in a 1 kW 
engine can be calculated to be 0.00705 m3.  

The diameter of the volume swept by the piston’s prototype is 0.0889 m, and the height is 0.0263 
m. These must both be increased to meet the requirement of 0.00705 m3 swept by the piston for 
a 1 kW engine. Keeping the ratio of the diameter and height the same, the new diameter is 0.312 
m, and the new height becomes 0.0923 m. This means that the diameter and height of the swept 
volume of the piston increased by about 3.5 times. Although the swept volume of the piston is an 
indicator of the total increase in size of the engine, many of the other parts would scale at a lesser 
rate. Therefore, the overall increase in size of the engine was estimated to be by about a factor 
of 3, and the associated cost increase was also estimated to be by about a factor of 3. 

3.6.3.2 Volume Discounts 
In general, purchasing in bulk usually results in receiving discounts due to volume. Based on 
previously seen rates, the volume discount was assumed to be between 30 and 50%.20 

3.6.3.3 Machining Costs 
Machining costs for a 1 kW engine were calculated by multiplying the estimated cost of CNC 
(Computer Numerical Control) machining per hour by the estimated number of hours it would take 
to machine the engine. The estimated cost of outsourcing CNC (Computer Numerical Control) 

 
20 Knight. 
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machining was about $70 per hour21, and the estimated number of hours it would take the 
machine the engine was about 7 hours. This implied that it would cost about $500. 

3.6.3.4 Automation of Production 
Automation of production usually results in a decrease in costs, as processes are streamlined 
and products are manufactured at a much faster rate. This factor was estimated to contribute 
about a 15% decrease in total cost.22 

The cost of the prototype (including the commercial costs of items that were obtained for the Duke 
Mechanical Engineering Laboratory) came to $1364.03. Considering the factors above, the price 
to produce a 1 kW engine in a scaled production process was estimated to be about $2500. 

 Engine Applications 

4.1 Discussion of Target Markets: Reducing Unused Waste Heat  
While focusing on the technical details of ensuring the engine will be able to be manufactured and 
produce electricity, we also considered how the technology can be applied outside of a lab setting. 
Since the goal of the Stirling engine idea was to make use of unused heat in the built environment, 
we began to focus on areas and processes with unused waste heat.  In the early phases of the 
Stirling engine’s design, we considered seven applications including heat from pavement, heat 
from roofs and attics, waste heat exhausted from commercial kitchens, heat absorbed by solar 
panels, waste heat released within data centers, waste heat exhausted by industrial laundromats, 
and waste heat from industrial manufacturing processes. In order to analyze for which of these 
applications the engine design would be most effective, we delved deeper into understanding the 
heat differences (between the heat source and sink), application logistics, and feasibility.  

After understanding more about each potential application, we narrowed our focus by employing 
a decision matrix (Tab. 6) in which all seven applications were assigned a rating on a scale from 
one to five (five being best) for their performance in five different categories: heat difference, ease 
of implementation, distribution of heat, utility of output, and consistency of heat. Heat difference 
was defined to be the difference between the heat source of the application (e.g. the heat 
absorbed by pavement, the heat exhausted from a stovetop in a kitchen) and the heat sink (e.g. 
outside air). Ease of implementation was defined as the level of difficulty of setting up the engine 
in the context of each application. For example, pavement was given a 1 in this category as 
construction would need to be done to place the engine underneath existing pavement. 
Distribution of heat was defined as the concentration of heat in the medium surrounding the 
engine. For example, an application where heat was channeled to the engine using a liquid 
medium would have a higher score than one where heat was channeled using air. Utility of output 
was defined as the relative impact and ease of use the electricity generated would have for each 

 
21 Varotsis, Alkaios 
22 “The (Many) Benefits of Outsourcing Your Manufacturing.”  
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application. Consistency of heat was defined as the regularity of the heat source (e.g. how many 
hours or days a week a laundromat is in operation). The scores for each category were summed, 
and the four highest scoring applications, industrial steel, laundromats, data centers, and solar 
panels were given greater consideration. 

Table 6: Decision Matrix Comparing Seven Stirling Engine Applications 

 Ind. 
Steel 

Laundro- 
mats 

Data 
Centers 

Solar 
PV 

Pavement Roofs/Attics Kitchens 

Heat 
Difference 

5 2 1 1 1 1 2 

Ease of 
Implementation 

3 4 4 3 1 1 3 

Distribution of 
Heat 

4 3 4 4 2 2 3 

Utility of Output 1 4 3 4 3 4 3 

Consistency of 
heat 

4 4 4 3 3 3 3 

Total 17 17 16 15 10 11 14 

 

4.1.1.1 Data Centers 
Data centers were given consideration due to the large amount of waste heat they produce and 
their large carbon footprint. Data centers make up approximately 3% of global electricity usage 
and roughly 2% of global greenhouse gas emissions23, but 98% of the energy they use becomes 
low temperature waste heat24. Furthermore, the waste heat exhausted by data centers contributes 
to their large electricity usage, as servers will fail if they overheat, so care must be taken to remove 
the waste heat being emitted by servers, and thus cooling the servers can comprise roughly 43% 
of a data center’s electricity budget25. However, while a large amount of waste heat is exhausted 
from data centers, the heat itself is very low grade. We had envisioned the hot server exhaust 
being channeled to the hot side of the Stirling engine, which would be insulated from the cold side 
of the Stirling engine, which would be exposed to ambient air temperature. For air-cooled servers, 
the hot air exhaust can reach to between 28 and 35 °C26, which, compared to an ambient air 
temperature of 20 °C, is too small a heat differential for our Stirling engine to operate. Liquid 
cooled servers offered a potential pathway for our engine, as liquid cooling enables the servers 
to withstand temperatures of around 45 °C27, but, once again, the heat differential is too small for 
our Stirling engine to operate. Ultimately, the low heat differential made us decide to pursue other 
applications. While we decided to move on from this application, research teams interested in 
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harvesting waste heat from data centers with Stirling engines may find possible avenues forward 
with the use of heat pumps, which can be used to increase the temperature differential. 

4.1.1.2 Photovoltaics 
Photovoltaics was considered as a potential application due to its apparent storage of heat and 
rapid growth of installations across the U.S. and globally; it is widely viewed as an efficient source 
of renewable energy. Our hope was that the Stirling engine could be integrated within a solar farm 
to boost electricity production and reduce the amount of sensible heat lost to the environment. 
After performing basic cost analyses, we eliminated the notion of mounting Stirling engines on 
individual solar panels, for this would be far too expensive. This would have mirrored the setup of 
a photovoltaic thermal (PVT) panel, which is common in Europe but relatively underutilized in 
North America. With this possibly gone, the next logical configuration would be to install a liquid 
cooling system that absorbs heat from multiple solar panels in a solar farm, concentrating the 
heat to be applied to one Stirling engine. Though this particular use of a heat sink would be more 
economical, the low heat differential (~50˚F)28 common across commercial solar panels proved 
inefficient for our Stirling engine, which requires a much higher heat differential to generate a 
useful amount of electricity. 

While we were initially optimistic regarding this application, the reality is that the variables which 
would increase Stirling engine utility (high panel temperatures, ease of transferring said heat) 
ultimately decrease the primary efficiency of the solar panels, which means that installing a Stirling 
engine would be both cost prohibitive and generate less electricity than is necessary for feasible 
implementation. For these reasons, we stopped considering photovoltaics as a viable application 
for Stirling engines. Under these considerations, further developments in heat sink efficiency and 
cost reductions in Stirling engine construction would potentially make photovoltaics a more 
attractive application. 

4.2 Industrial Waste Heat Application Analysis  

4.2.1.1 Background 
One of the largest sources of energy use and carbon dioxide emissions in the United States is 
the industrial sector. This sector consumes about 32 quadrillion Btu of energy per year with about 
5-13 quadrillion Btu per year of that energy being discarded as waste heat in the form of hot 
exhaust gases or liquids as well as heat conduction, convection, and radiation from hot surfaces 
within manufacturing processes.29 Waste heat losses are inevitable in manufacturing activities, 
but can be reduced by increasing efficiency or used for more productive means if captured and 
recovered.  

Currently few technologies exist to capture and reuse this waste heat despite the fact that it can 
be an emission-free substitute for purchased fuels and electricity.  Current recovery methods are 
limited by costs, emission temperature restrictions, emission chemical compositions, equipment 
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specific constraints, and feasibility constraints. In terms of cost, existing technologies have long 
payback periods, costly materials, and high maintenance costs. Temperature restrictions exist for 
processes with low temperature heat that is not viable for existing recovery processes. 
Additionally, even processes with high temperature heat cause complications to the varying 
mechanical and chemical properties at high temperatures. In terms of chemical composition 
restrictions, most of the waste heat exhaust contains abrasive chemicals which can corrode 
recovery equipment causing environmental, maintenance, and cost concerns. Finally, existing 
technologies for waste heat recovery are limited in terms of feasibility of implementation due to 
limited physical space in some facilities, difficulty in accessing and transporting the heat, and 
equipment specific hindrances.30 Thus, there is a considerable need for new methods of capturing 
and recovering waste heat from industrial processes that adequately address the aforementioned 
challenges.  

The industrial sector is quite broad, including a variety of production schemes with varying 
amounts of energy use and waste heat with varying temperatures. The waste heat can be 
qualified as high (> 1,200 °F), medium (450-1,200 °F) or low (< 450 °F) temperature.  Figure (9)  
details some examples of waste heat sources and the temperature range in which they belong 
along with current advantages and disadvantages to recovering that heat.31  

Some of the largest energy consuming and waste heat emitting manufacturing processes include 
glass, cement, iron and steel, and aluminum production in addition to metal casting, industrial 
boilers and ethylene furnaces. The glass industry consumes about 300 TBtu of energy per year.32 
The majority of this energy is used to melt and refine glass in high temperature furnaces which 
can be regenerative, recuperative, oxyFuel, electric Boost, or direct melter furnaces. The exhaust 
temperatures vary depending on the type of furnace between about 800 °F and 2,600 °F, with 
regenerative and electric boost being the lowest and oxyFuel and direct melter being the 
highest.33  

The cement industry ingests about 550 TBtu of energy per year.  The first steps in cement 
production include mining and quarrying for the limestone and chalk, crushing and grinding of 
these raw materials, producing the clinker in the kilns, and then milling the cement.34 About 90% 
of the energy input is used in the clinker production which involves passing the raw materials 
through hot zones within the kilns in order to produce the solid material called clinker. The kilns 
are typically large refractory-lined steel tubes which exhaust gases at about 840 °F.35  
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Figure 9: Different Categories of Waste Heat for Various Industrial Processes36 

Aluminum production plants consume about 770 TBtu of energy per year. Production is divided 
between primary refining by Hall-Heroult cells and secondary production from recycled scrap. 
Due to operating furnace temperatures of about 1,290 °F,  the primary cells have waste heat 
losses in the form of both off-gases and sidewall losses. Within secondary aluminum 
manufacturing, the furnaces can exhaust flue gases at temperatures between 2,000 and 2,200 
°F.  

Different from the various material production methods above, metal casting involves heating 
metal and pouring it into molds for goods like cars and pipes. Metal casting consumes about 257 
TBtu per year and relies on furnaces with varying exhaust gas temperatures (most around 250-
400 °F). Also different from typical manufacture processes are industrial boilers which consume 
about 6,500 TBtu of fuel annually. This industry relies on producing steam from boilers fueled by 
natural gas or byproduct fuels. The average exhaust temperatures are about 500 °F.   

4.2.1.2 Steel Industry  
While these industries account for a considerable amount of energy use and waste heat emission 
at a variety of temperatures and through a number of processes, we aim to focus on the iron and 
steel manufacturing industry due to its sizable energy use, about 1,900 TBtu per year, as well as 
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its  diversity of waste heat sources. Iron and steel manufacturing have five main stages: raw 
material processing, steel making and casting, hot rolling, cold rolling, and strip processing.37  

Raw material processing involves preparing, measuring and analyzing the raw materials before 
combining them in a blast furnace. The raw materials include limestone, coal and iron. Limestone 
(CaCO3) is first converted to lime (CaO) via burning in a rotary lime kiln. Coal is converted to coke 
in a coke oven which heats the coal to 1,800 °F for up to 18 hours. 38 Next, the iron ore, coke and 
limestone are combined and charged into the top of a blast furnace. The blast furnace heats these 
ingredients by hot air at temperatures around 1,000-2,000 °F. This process creates pig iron, hot 
metal, and also offgas containing CO and CO2.39 Once the hot metal is produced, it is 
incorporated in the next stage, the steel making process through either a Basic Oxygen Furnace 
(BOF) or Electric Arc Furnace (EAF).  

Basic Oxygen Furnaces combine hot metal, steel scrap, and lime in a furnace to produce steel 
by oxidizing impurities in the raw materials. No external heat source is needed as the hot 
temperature required is produced by the exothermic reaction that occurs. This reaction also 
produces off-gases that are of high temperature but contain high levels of carbon monoxide (CO) 
and small concentrations of other contaminants. These gases are normally flared to the 
environment.40 

Electric Arc Furnaces use electrical energy to heat recycled steel scrap and the other ingredients 
from the blast furnaces and create steel. The furnace is refractory lined and has a retractable roof 
that allows graphite electrodes to lower down and deliver electric arcs that generate heat and melt 
everything into liquid steel. The EAFs at Steel Dynamics, America’s 4th largest steel company, 
process about 185 tons of scrap steel into 175 tons of liquid steel at 3,000 °F.41 The difference in 
weight is due to the release of several gases and particulate emissions including CO, 𝑆𝑆𝑂𝑂𝑥𝑥  ,𝑁𝑁𝑂𝑂𝑥𝑥, 
metal oxides, volatile organic compounds and pollutants. The temperatures of these emissions 
can range from 2,500-3,500 °F.42 Throughout this process, cooling water is used to cool down the 
hot shell of the furnace and the off-gases as they travel from the EAF through ductwork to 
baghouses, which remove particulates from the gases and release the clean gas to the 
environment.  By the time these emissions reach the baghouses, they are at about 250 °F.43 

After the melted steel is made through BOF or EAF processes, it must be cast. Casting allows 
the liquid steel to cool into a solid rectangular slab. Although the slab is now solid, it can still be 
up to 1,750 °F and is about 75-155 feet long.44 

The next stage of steel production is hot rolling. After the slab is made from the continuous 
rectangle produced in casting, it is reheated to about 2,000 °F. It is then squeezed between rollers 
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that make the steel thinner.45 The steel is then rolled again during the cold rolling process in order 
to create precise shapes and increase the strength of the steel through strain hardening. This 
process is done at room temperature. Finally, the steel is processed, which can include pickling, 
galvanizing, and painting. Most of these processes require the steel to be reheated as well.  

Thus, there are many different stages throughout steel production requiring high temperatures, 
there are many opportunities to harvest heat from the steel itself, equipment, or off-gases from 
furnaces. This makes it a strong option for applying our Stirling engine technology.  

4.2.1.3 Implementation Within the Steel Industry   
Due to the high waste heat temperature and feasibility of accessing the heated exhaust, electric 
arc furnaces (EAF) are a highly potential stage in which to implement the Stirling engine design 
(Figure 10). As mentioned above, the EAF heats steel to about 3000 °F in order to melt it, causing 
the molten steel released, the shell, the roof, and the exhaust gases to be very high temperature. 
The high temperature is dangerous to the furnace itself, so many factories use cooling water 
systems to cool the shell and roof of the furnace. While there are different types of cooling systems 
implemented, one involves panels of tubes that contain running water. In the Steel Dynamics 
plant, each EAF roof is cooled by water running across at about 2,500 gallons per minute. A large 
volume of water is used to cool the machinery and the water picks up about 10-15 °F from the hot 
roof.46  This cooling water could potentially be a location for the hot side of the engine. The engine 
could be attached to the cooling panels, or the hot side could be inserted, using an airtight seal, 
into the pipes to have the hot water running over it. Since the cooling water temperature is not 
that high itself, the engine would need to run off a very low temperature differential.  

A potentially more effective implementation scheme could be to use the exhaust gases as the hot 
side of the engine harnesses the heat from the exhaust stream leaving the EAF. While the gasses 
are also cooled by water within ductwork, they are still 250 °F by the time they reach the 
baghouses which expel them to the atmosphere.47 The hot side of the engine could be placed 
within the ductwork carrying the gases, or a heat exchanger could be used to transfer the heat 
from the gases to the engine. The main concern with this approach is the abrasiveness of the 
exhaust, which contains CO, 𝑆𝑆𝑂𝑂𝑥𝑥  ,𝑁𝑁𝑂𝑂𝑥𝑥, metal oxides, volatile organic compounds and other 
pollutants.48 Repeated exposure to this can harm equipment, increasing maintenance and repair 
costs. However, certain materials could be used to avoid and lessen damage.  

 
45 Johnson, I.et al., 45 
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Figure 10: diagram of an Electric Arc Furnace.49 

The next step in the implementation plan is to consider the cost of implementation, and 
maintenance in order to compare it to the energy savings and revenue benefits from the electricity 
production from the engine. Considering the case of the Steel Dynamics manufacturing plant, the 
following financial estimates are made. The plant has 4 EAF that each can melt a batch of about 
185 tons of steel in 40 minutes.50 In order to make comparisons between industries and based 
on our prototype, we assume that the Stirling engine is a 1 kW engine. Thus, if each EAF has a 
Stirling engine implemented and the plant runs about 10 batches per day, the engines would be 
able to produce about 26.67 kWh per day. Over a year, this would amount to about 9733 kWh. 
The electricity needed for each batch is about 400 kWh per ton, amounting to 74000 kWh per 
batch and 1080400 MWh per year.51 Powering the EAFs alone would cost about $ 75 million per 
year with the cost of electricity for industries being about $0.07 per kWh.52 The energy required 
even just to power the EAF is so great, that a 1 kW Stirling engine would not create any significant 
energy savings. Additionally, due to the energy intensive nature of the steel manufacturing 
processes, the electric grid for the plant is separate from the normal electric grid and is very 
complicated. Trying to get the power generated by the engine directly to the plant’s grid would be 
costly and challenging. However, the energy generated by the engine could be sold back to the 
utility company or as a Renewable Energy Credit (REC). RECs allow households and companies 
that produce their own renewable energy, mainly solar, to sell it back to the electric grid if it is not 
used for their own needs. An approximate price for a REC is about $0.70. Each REC represents 
1000 kWh of energy, thus with the annual energy production from the 1 kW Stirling engine set-
up, the plant could earn about $6.81 per year.53 In comparison to the large electricity costs of the 
plant, this is nothing, but with engines of a larger power output, the revenue could be more 
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impactful. These estimations also do not take into account other potential savings from 
government measures like tax incentives.  

To improve the cost effectiveness of the Stirling engine in the steel industry application, we would 
need to scale up the energy production rate, which would increase both the revenue from REC 
and the energy savings from the plants own electricity consumption. This entails understanding 
the scaled-up production costs, with plans to mass produce the larger engines. Additionally, we 
would partner with political organizations in order to lobby for additional legislation involving tax 
credits and RECs to be increased. Finally, we would work with utilities to understand the 
necessary regulations and contracts necessary in order to sell the energy back to the main grid 
or implement it within the steel plant grid.  

Overall, while there are still challenges to overcome, implementing our Stirling engine device in 
the steel industry or other industrial manufacturing processes would be an effective way to reduce 
the amount of waste heat released into the environment. Less waste means greater efficiency for 
the businesses which is a goal our society is always striving towards. Since the waste heat is 
captured and used to produce emission free electricity, the engine is a very competitive solution 
as it provides many environmental benefits. Manufacturing processes are very energy intensive, 
so the electricity provided by the engine could replace a portion of the plant electricity uses, 
decreasing the overall environmental impact of the plant. Producing the electricity from the 
already existing manufacturing processes also reduces the industrial plant’s energy bill, an added 
benefit. Additional benefits can come from government incentives to reduce CO2 emissions. 

4.2.2 Laundromats  
Laundromats offer a novel application with great potential for the Stirling engine. Large-scale 
laundromats run commercially sized washing and drying machines that often run for 12 or 24 
hours consecutively. While both washing and drying are energy intensive processes, drying 
specifically produces a lot of waste heat. This is where we believe Stirling engines could be 
implemented to produce electricity and reduce the operational monetary and carbon costs 
associated with running a large laundromat.  

Depending on the type, drying machines can exhaust heat at temperatures up to 200OF, which is 
around 90OC.54 The high temperature of exhaust provides a useful temperature differential for the 
Stirling engine. This application of the engine would be powered by the temperature differential 
between the exhaust heat and the outdoors. Because the temperature of dryer exhaust and the 
temperature of the outdoors will vary, the amount of power produced by the engine will vary as 
well. A better, higher temperature differential would likely occur in colder weather. For example, 
in Durham, North Carolina, the temperature varies from 30OF to 90OF, based on the time of day 
and time of year. This is equal to a range of about 0OC, in colder weather, to 30OC, in warmer 
weather. Therefore, the temperature differential between the dryer exhaust and the outside 
temperature that could be used by the engine would vary between up to 60OC and up to 90OC, 
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depending on the temperature outside. This engine would be implemented by placing the “hot” 
side near, but not blocking, the dryer vent. 

 

Figure 11: Diagram of a Stirling Engine Integrated with Laundromat Exhaust 

Applying the Stirling engine to use waste heat generated by drying machines has benefits both to 
the environment and the customers who implement the engine in their business. The environment 
is benefited as the laundromat can use the clean energy that is produced by the engine instead 
of other, less clean sources of energy. In conjunction with the engine, a 5-kW commercial dryer 
would be able to recover 20% of its expended energy. Not only is this engine good for the 
environment, but it is good for the laundromat as well. Because they will save some energy by 
using the clean energy from the engine, they will in turn save money.  

To determine if the amount of money that a laundromat would actually save per year, it was 
estimated that a drying machine in a laundromat runs for 13 hours a day, 6 days a week, and that 
energy costs 12¢ per kWh.55, 56 Based on these assumptions, a 1-kW engine would save about 
$500 a year in energy savings. 

Improving dryer efficiency is another way to save energy with regards to laundromats. However, 
the use of more efficient dryers do not mean that the Stirling engine would be rendered useless, 
because the efficiency of a dryer is not necessarily correlated with the temperature of the exhaust 
that it outputs.57 Therefore, a Stirling engine will still be useful even as dryers improve in efficiency. 

4.2.3 Applications Conclusion 
Based on our initial findings, we believe that there are a number of potential applications for this 
type of Stirling engine. Certain application categories, such as industrial waste heat, provide the 
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benefit of large unused heat reservoirs. Others, such as laundromats and photovoltaics, also have 
sensible heat available.  

However, these types of applications have temperature limits for efficient operation of their 
primary function. For example, laundry machines and solar panels become more energy intensive 
with increased temperatures. While the Stirling engine may benefit from this increase in 
temperature difference, it would be counterproductive to install a Stirling engine in this capacity, 
as the primary use of these sites becomes inefficient, cancelling out any benefit derived from a 
Stirling system installation.  

Obviously, there are so many other applications that we were unable to consider in full. In addition 
to entirely novel uses, a major step forward for the application of Stirling engines will come when 
better means of transferring and storing unused heat become available. Technology, such as 
water cooling systems, that are able to quickly extract heat from the source (benefitting the 
source’s operation efficiency), and facilitate the delivery of this heat to a Stirling engine will benefit 
the applicability of the engine type to an assortment of use cases. 

4.2.4 Life Cycle Analysis of similar 1-kW Stirling engine  

In order to quantify the net environmental and social impacts from the manufacture and operation 
of the engine, a cradle-to-gate life-cycle analysis was conducted. The analysis was based on an 
assumed 1-kW functional Stirling Engine unit and therefore components of the test setup were 
not included as part of the analysis.  For process inputs this analysis looked at energy required 
for the transportation and manufacture of parts as well as the different materials used in 
construction. As an emissions-free form of electricity generation, CO2 equivalent emissions was 
selected as a key evaluation metric. Additionally, a weighted social impact metric, mPT, was 
examined in an attempt to gauge social benefits and costs. These two primary output metrics 
were estimated using the Sustainable Minds life cycle platform and database. The results from 
manufacturing were subsequently compared against the implied emissions avoided through 
alternative energy generation as well as the social impact estimates associated with operation. 
Additionally, ten different environmental impact categories were examined under the same 
platform in order to determine which potential ramifications from engine manufacture were the 
most significant (See Appendix J). 

As the most viable business application under consideration, the laundromat dryer application 
mentioned in the section above was assumed for avoided emissions calculations. An expected 
ten-year lifespan for the engine was also assumed58. Because the applications were evaluated 
assuming a scaled 1 kW capacity, an existing life cycle analysis paper on a 1 kW Stirling Engine 
was selected as a case study for the analysis59. Additionally, approximations for part materials 
were made where necessary due to inventory limitations in the Sustainable Minds materials 
database. 
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4.2.4.1 Life Cycle Results 

The results of the life-cycle analysis indicated that the manufacture and transportation of parts for 
the engine resulted in an estimated 760kg CO2 equivalent emissions per completed engine. 
Roughly 75% of the emissions from manufacture derived from the production of the engine 
materials and 25% from energy used in the lifetime transportation of the materials. The avoided 
emissions from operation were estimated at 3,200 kg CO2 equivalent emissions per year, 
representing a net payback period of approximately 87 days, or less than three months. 
Additionally, over an expected ten-year operational lifetime, the overall emissions avoided 
translates to an estimated net reduction of 31,240 kg CO2 equivalent emissions.For the weighted 
social cost metric, the payback period from operation was determined to be longer, at  
approximately 4.7 years of operation in order to offset social costs from manufacture, but still a 
net social benefit over the ten-year operational lifetime.The most significant impact categories 
from engine manufacture were not emissions related but from potential carcinogenic byproducts 
from upstream manufacture of parts and as well as ecotoxicity from byproducts. This was later 
determined to be shared for many common manufacturing processes and not significant enough 
in magnitude to warrant concern.  

4.3 Conclusions 
The capture of waste heat in the built environment represents one viable approach in the context 
of a larger, multifaceted effort toward solving global energy and decarbonization problems. The 
conceptual free piston Stirling engine design is intended to demonstrate a feasible tool with the 
potential to utilize otherwise neglected waste heat as emission-free generation.  

Seven main application categories for a 1 kW scaled Stirling engine were considered in this study. 
Of these applications under consideration, two candidate applications were eventually selected 
based on suitability for real world implementation. Preliminary analysis suggests that waste heat 
recovery from electric arc furnaces as well as laundromat dryers has the potential to generate 
electricity and reduce emissions with business models that are economical.         

Success of the design is ultimately predicated on the construction and testing of a physical 
prototype. While we have taken initial steps towards this end, due to the COVID-19 crisis, physical 
assembly was not permitted within the time scale of this project. Testing of a manufactured 
prototype will allow the investigating team to confirm engine functionality, optimize engine 
performance, and extrapolate scaled power output and cycle efficiency. Until these data can be 
collected, assumptions made about engine scaling and power output are wholly speculative. Thus 
it is essential that a future team attempt to continue the manufacturing of the beta configuration 
free piston Stirling engine linear generator prototype to evaluate its feasibility as a solution to the 
problem of reclaiming low grade waste heat.  
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 Appendix 

5.1 Appendix A: Matlab Scripts 

5.1.1 Engine Dynamics, Thermodynamics 
clear; 
format 
close all 
% Dynamics based on Equation of Motions based on Dr. Knight's book. 
% Thermodynamics based on "Frequency-based design of a FPSE using genetic 
% algorithm" by Sh. Zare; A.R Tavakolpour-Saleh. Referred to as "GA paper" 
  
% 1-displacer 
% 2-piston 
  
%% Masses 
m1=.18; % Displacer 
m2=2.196; % Piston 
%% Springs 
k1=278; % Displacer  (1.59 lbs/in) 
k2=487; % Piston-Displacer (2.78lbs/in) 487 
k3=1399; % Piston (7.99 lbs/in) 
%% Dampers 
c1=10; % displacer 
%c2=0.1; % displacer-piston, assume mostly negligible since no paper found ever talks about 
estimating 
c2=10; % piston 
  
%% Geometry 
d=8.89/100; % main diameter of piston in m (3.5in) 
A_main=d^2*pi/4; % 
  
dp=7.62/100; % diameter of piston in m ((3in)) 
Ap=dp^2*pi/4; 
  
  
ddisp=7.62/100; % diameter of displacer in m (3 in) 
ldisp=10.16/100; % length of displacer in m 
Adisp=ddisp.^2*pi/4; % area of displacer in m 
  
clearance_air=.5/1000; 
A_air=(ddisp+2*clearance_air).^2*pi/4-Adisp; 
Vr=(A_air)*ldisp; % volume between wall and regenerator/displacer 
  
% dr=2.54/100; % diameterof rod in m 
% Ar=dr^2*pi/4; % area of displacer rod 
  
  
lho=3/100; % above displacer 
Vho=(Adisp)*lho; % Equil Vol 
  
lco=4/100; % below displacer 
Vco=(Ap)*lco; % Equil Vol 
%% Forcing 
f=linspace(0,60,1e3); 
Fo2=1; % seed value in N on piston 
Fo1=0; % per paper, force acts on both. Same pressure acting on smaller area. In our configuration 
this is set to zero 
for i=1:length(f) 
    omega(i)=2*pi*f(i); 
    a11=-m1*(omega(i).^2)+(k1+k2)+j*(c1).*omega(i); 
    a12=-k2; 
    a21=-k2; 
    a22=-m2*(omega(i).^2)+(k2+k3)+j*(c2)*omega(i); 
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    A_matrix=[a11 a12; 
     a21 a22]; 
    b=[Fo1; 
     Fo2]; 
    x(:,i)=A_matrix\b; % complex 
    phase_piston_freq(i)=180/pi*angle(x(1,i)); % in deg 
    phase_displacer_freq(i)=180/pi*angle(x(2,i)); % in deg 
    phase_shift_freq(i)=abs(phase_displacer_freq(i)+phase_piston_freq(i)); % in deg 
    if phase_shift_freq(i)>180 
        phase_shift_freq(i)=360-phase_shift_freq(i); 
    end 
end 
  
%% Frequency Study 
  
figure (1) 
clf 
yyaxis left 
plot(f,abs(x(1,:))) 
title('Magnitude vs Forced Frequency') 
hold on 
plot(f,abs(x(2,:))) 
xlabel('Frequency (Hz)') 
yyaxis right 
plot(f,phase_shift_freq) 
legend('Displacer','Piston','Phase Shift') 
  
%% Position over time 
f=10; % in Hz 
for p=1:15 % Number of iterations to tune Thermodynamic Force w/ Forcing amplitude 
omega=[]; 
x=[]; 
  
 omega=2*pi*f; 
    a11=-m1*(omega.^2)+(k1+k2)+j*(c1)*omega; 
 a12=-k2; 
 a21=-k2; 
    a22=-m2*(omega.^2)+(k2+k3)+j*(c2)*omega; 
 A_matrix=[a11 a12; 
     a21 a22]; 
    b=[Fo1; 
     Fo2]; 
    x=A_matrix\b; % complex 
phase_piston=180/pi*angle(x(1,:)); % in deg 
phase_displacer=180/pi*angle(x(2,:)); % in deg 
phase_shift=abs(phase_displacer-phase_piston); % in deg 
if phase_shift>180 
    phase_shift=360-phase_shift; 
end 
% plot motion 
figure(2) 
clf 
t=linspace(0,1,1e3); 
hold on 
piston_motion=abs(x(2))*sin(2*pi*f*(t)); 
disp_motion=abs(x(1))*sin(2*pi*f*(t)-(phase_shift)*pi/180); 
  
plot(t,piston_motion) 
plot(t,disp_motion) 
legend('Piston','Displacer') 
  
amplitude_ratio=abs((x(1)/x(2))) 
axis([0 1 -1.15*max([ abs(x(2)) abs(x(1))]) 1.15*max([abs(x(2)) abs(x(1))])]) 
title('Piston & Displacer dynamics') 
xlabel('time (s)') 
ylabel('Displacement (m)') 
  
% just for reporting 
dim = [.2 .63 .2 .3]; 
str = ['Piston Forcing Amplitude=',num2str(abs(round(Fo2))),'N','       ',... 
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    'Phase Shift=',num2str(round(phase_shift)),'deg','   ',... 
    'Frequency=',num2str(round(f)),'Hz']; 
annotation('textbox',dim,'String',str,'FitBoxToText','off','LineStyle','none'); 
  
%% Thermodynamics 
% Temperature & Equil Vols 
Th=500; % in hot space 
Tc=300; % in cold space 
Tr=(Th-Tc)/log(Th/Tc); % in regenerator 
  
Po=1*1e5; % 1 bar 
MW=4/1000;  % in kg/mol, He 
Troom=300; % room temp loading 
M=(Vho+Vco+Vr)*Po*(MW)/(8.314*Troom); % for ideal gas (i.e not air) ; mass in kg, paper neglected 
Vr I 
%think 
%M=(Vho+Vco)*1.224; % for air, room temp density=1.224; % mass in kg, paper neglected Vr I think 
just by looking at their number 
%R=MW/8.314; 
  
% Find Amplitude of Pressure 
Vhx=Vho-(Adisp)*disp_motion; % expression from paper 
Vcx=Vco+(Adisp)*(disp_motion)-(Ap)*(piston_motion); % expressions from paper 
  
P_inst=M*(8.314/MW)./((Vhx/Th)+(Vcx/Tc)+(Vr/Tr)); 
  
Force=(P_inst-Po)*(Ap); 
  
Mean_F=abs(mean(Force)) 
  
  
Fo2=Mean_F; % on piston 
Fo1=0; %(same pressure acting on smaller area) 
  
  
p=p+1; 
end 
  
figure(3) 
clf 
yyaxis left 
plot(t,Po*ones(1,length(t))) 
hold on 
plot(t,P_inst) 
axis([0 1 .8*Po 1.1*max(P_inst)]) 
xlabel('time(s)') 
ylabel('Pressure (Pa)') 
  
yyaxis right 
plot(t,Vhx,t,Vcx) 
legend('Charge Pressure','Working Pressure','Hot Volume','Cold Volume') 
ylabel('Volume (m3)') 
title('Thermodynamics') 
  
figure(4) 
%clf 
Vol=Vcx+Vhx; 
P=P_inst-Po; 
plot(Vol,P_inst) 
ylabel('Pressure (Pa)') 
xlabel('Volume (m3)') 
title('P-V') 
  
Power=round(abs(trapz(Vol(1:101),P(1:101)))*f,0) % in W (range is for one period 0-->0.1s) 
% Volumemin=Vr+min(Vcx)+min(Vhx) 
% Volumemax=Vr+max(Vcx)+max(Vhx) 
  
%% Results from SW 
T=readtable('Moredots_FPSE.xlsx','Sheet',1,'Range','A4:D605'); 
range=300:331; % 98:1:109; 40:1:51 
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disp_SW=T.Ref_CoordinateSystem__1(range)/1000; 
piston_SW=T.Ref_CoordinateSystem_(range)/1000; 
  
Vhx_SW=Vho-(Adisp)*(disp_SW-mean(disp_SW)); % expression from paper 
Vcx_SW=Vco+(Adisp)*(disp_SW-mean(disp_SW))-(Ap)*(piston_SW-mean(piston_SW)); % expressions from 
paper 
  
P_inst_SW=M*(8.314/MW)./((Vhx_SW/Th)+(Vcx_SW/Tc)+(Vr/Tr)); 
figure(4) 
hold on 
plot(Vhx_SW+Vcx_SW,P_inst_SW,'r*-') 
legend('Matlab Simulation','SolidWorks Simulation','EdgeColor','None') 
Power_SW=round(trapz(Vhx_SW+Vcx_SW,P_inst_SW)*f,0) 
  
figure(2) 
plot(T.Time,(T.Ref_CoordinateSystem_-mean(T.Ref_CoordinateSystem_))/1000,'b*-') 
hold on 
plot(T.Time,(T.Ref_CoordinateSystem__1-mean(T.Ref_CoordinateSystem__1))/1000,'r*-') 
axis([0 2 -1.15*max([ abs(x(2)) abs(x(1))]) 1.15*max([abs(x(2)) abs(x(1))])]) 
  
figure(6) 
Vol=Vcx+Vhx; 
P=P_inst-Po; 
plot(Vcx,P_inst,'b-') 
hold on 
plot(Vcx_SW,P_inst_SW,'b*-') 
plot(Vhx,P_inst,'r-') 
plot(Vhx_SW,P_inst_SW,'r*-') 
legend('Matlab Cold Volume','SW Cold Volume','Matlab Hot Volume','SW Hot Volume') 
ylabel('Pressure (Pa)') 
xlabel('Volume (m3)') 

5.1.2 Coil generator calculations 
clear; 
amp=13.8; % piston amplitude in mm 
w=28.75/1000; % width of slot (3.5''(outer diameter)-1''(inner diameter))/2-3mm (inner wall 
thickness)- 
h=(6.35+2*amp)/1000; % height of slot (for calculation (amp x2+height of magnet), but make 5 cm 
for construction, alignment purposes and allows extra turns) 
g=0.66802/1000; % AWG 22 enameled (per Amazon) 
k=0.6; % filling factor (wire guide says 0.9, constructed one in literature gave 0.8); essentially 
an indication of how good we are at winding coil 
Nmax=floor(w*h*k/(g^2)) % max number of windings in designed slot 
  
layer_height=floor(h/g); 
layer_width=floor(Nmax/layer_height); 
  
diameter_first=2.54/100+2*3/1000; %inner diameter+2xwall thickness 
diameter_last=2.54/100*3.5; % outer diameter 
x_dia=linspace(diameter_first,diameter_last,layer_width); 
n=0; 
for i=1:layer_width 
    A(i)=pi/4*(x_dia(i))^2; 
    n=n+1; 
end 
total_length=ceil(Nmax/layer_width*pi*mean([diameter_first diameter_last])) % in m 
% Magnet 
Br=1.375; % in T 
inner_diameter=1/4*2.54/100; % inner diameter 
outer_diameter=1*2.54/100; % outer diameter 
Am=pi/4*(outer_diameter^2-inner_diameter^2); % magnet area 
%% Coil 
Resistance=52.9392/1000*total_length; % AWG 22 resistance per 1000 m 
skin_depth=10/1000; % copper at 10 Hz, obtained online, a measurement of how much can a magnetic 
field penetrate into a conductor (coil in this case) 
f=10; % Hz 
  
% Method 1 (Using Changing area & magnetic flux, carrying out integration). 
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% developed using emf=N*dB*f where N is number of coils and dB is integrated 
% flux across each concentric area around the magnet, with understanding 
% magnetic field B decreases exponentially radially as it penetrates into 
% coil ("skin effect"). Can cite physics 2 book 
x_rad=x_dia/2; % radii 
B_1=Br.*exp(-x_rad/skin_depth); % adjusted for B=Br at magnet's inner edge (6.35mm) 
figure(1) 
clf 
plot(x_rad*100/2.54,B_1) 
xlabel('Radial Distance from Magnet(in)') 
ylabel('Magnetic Field Strength (T)') 
flux_change=trapz(A,B_1); 
emf_exp_method1=floor(Nmax*flux_change*f) % in V, no load emf 
  
% Method 2 (from Romanian Paper, found in google drive) 
  
B_2=Br; 
emf_exp_method2=floor(Nmax*B_2*Am*f) % in V, no load emf this method was the one used by Romanian 
paper (found in drive) 
  
% Power Output for "5-9V" no load emf would be 1-3W (200-300mA); per online 
% forum of a similar sized linear generator with that range of voltage and 
% "1-10Hz" mentioned. Not a citable source but couldnt find much else. 
https://cr4.globalspec.com/thread/122436/DIY-Magnetic-Linear-Electricity-Generator 
  
%% Power 
% Use more conservative estimate 
mu=4*pi*1e-7; 
B_1_mean=min((B_1)); 
H_1=B_1_mean./mu; 
  
lm=(2.54/100)/2*pi; 
i_est1=H_1*lm/Nmax 
  
P_out=emf_exp_method1*i_est1-i_est1^2*Resistance 
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5.2 Appendix B: Maple Code for Static Geometry Calculation 
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5.3 Appendix C: Modelling 
 

Table 7: Input parameters to MATLAB model 

Parameter Value 

Dynamic 

 Frequency (f) 10 Hz 

Displacer Mass  (𝑚𝑚1) 0.18 kg 

Piston Mass  (𝑚𝑚2) 2.196 kg 

Displacer spring  (𝑘𝑘1) 278 N/m 

Piston-Displacer spring  (𝑘𝑘2) 487 N/m 

Piston spring (𝑘𝑘3) 1399 N/m 

Geometric 

 Main diameter (𝑑𝑑) 7.62 cm (3.5’’) 

 Length of displacer/regenerator space 
(𝑙𝑙𝑑𝑑𝑐𝑐𝑠𝑠𝑝𝑝) 

10.16 cm (4’’) 

 Equilibrium length of hot space (𝑙𝑙ℎ𝑜𝑜) 3 cm 

 Equilibrium length of cold space (𝑙𝑙𝑐𝑐𝑜𝑜) 4 cm 

Thermodynamic 

 Hot temperature (𝑇𝑇ℎ) 500K (227℃) 

 Cold temperature (𝑇𝑇𝑐𝑐) 300K (27℃) 

 Gas & bounce pressure (𝑃𝑃𝑏𝑏) Helium (1 bar) 
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Figure 12: FEA study from internal pressure stresses 

 

 

Figure 13: Thermal Study with no external cooling 
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5.4 Appendix D: CAD SolidWorks Model  

 

Figure 14: CAD Model, Solid 
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Figure 15: CAD Model, Transparent 
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5.5 Appendix E: Technical Drawings 
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5.6 Appendix F: Process Failure Modes and Effects Analysis  
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5.7 Appendix G: Bill of Materials 
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5.8 Appendix H: Assembly Procedure 
1. 3D print the Regenerator Housing. 

The plan of this team was to 3D print the housing using 17 4 PH stainless steel printed 
on a Desktop Metal Studio System™ printer. We recommend prototyping this 
component in metal due to its need to have relatively high thermal conductivity and 
withstand the temperatures of the piston cylinder hot end without significant warping.  

2. Critical-to-function dimension measurement for piston cylinder components to 3 significant 
figures.  

a. Regenerator Housing: 
i. Length 
ii. ID 
iii. OD 

b. Sleeve Bearing 
i. Length 
ii. ID 
iii. OD 

c. Steel Pipe (For piston cylinder).  
i. ID 

3. 3D print the Generator Housing.  
This step can be done using any thermoplastic (PLA, ABS, etc) through basic FDM 
printing (such as on an Ultimaker S3). Measure the OD and ID of the final product and 
verify that it meets the tolerances of the technical drawings.  

4. Machine the Steel Pipe for use as the Piston Cylinder.  
a. Calculate amount of bore needed along the length of the steel pipe needed to fit 

components of the housing bearing stack (from top to bottom: Generator Housing, 
Sleeve Bearing, Regenerator Housing).  

b. For the measured length of each component (see step 2), bore the steel pipe to 
the required tolerance fit specified in the technical drawings. Note: In the case that 
a top component has a smaller outer diameter than one of the components below 
it in the stack, machine the outer diameters of the stack components below it to be 
less than the smallest component. For example, if the Generator Housing has a 
smaller outer diameter than the Sleeve Bearing, reprint the Generator Housing to 
be slightly wider than the sleeve bearing.  

c. Given the measured stack length, machine groove for snap ring.  
5. Wind the Generator Coil around the Generator Housing.                    

AWG #22 wire was chosen as the wiring for the generator considering a trade-off 
between maximizing number of turns (smaller diameter) and lower resistance (higher 
diameter).  This step can be done manually using a power drill or semi-automatically on 
a drill press or mill. This winding method describes a procedure that creates 4 terminals, 
allowing the user to vary the amount of wire coils connected to the dummy resistor circuit 
by half, altering the effective electromagnetic damping of the engine system. Note that 
additional steps would be necessary to set the RPM of any CNC equipment that is used 
to manufacture the generator coil on a mill, so this should be considered when deciding 
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what equipment to use. These instructions will be explained for a power drill. Refer to 
figure 16 as a supplement to the following steps. The blue wire is wire A and the orange 
wire is wire B.   

 

Figure 16: Schematic of Spool Wiring 

a. Setup of spool: 
i. Place an approx. 1'' diameter rubber piece in the generator housing's 

center hole. This piece should be sturdy enough to drive the rotation of the 
housing but soft enough such that a dowel rod can be inserted with ease. 

ii. Insert dowel rod (most likely wooden), that is small enough such that it can 
be grasped with ease by a power drill. Make sure that when turning, the 
housing does not wobble too much. 

iii. Make markings 2 cm & 4 cm off the bottom of the housing's space where 
the wire will be wound. 

b. Winding Wire A: 
i. From the purchased spool of wire, pull >1' of wire. Then wrap the bottom 

of that wire (non-loose end) a few times around the bottom of the housing. 
Thread the loose end of the wire through the holes at the top of the housing. 
Tape down the rest along the vertical height of the spool. 

ii. Once a few turns are secured, turn on the power drill slowly and start 
winding additional turns of wire. With one hand grab the spool, with the 
other adjust the power drill's turning speed.  

iii. The sequence of filling the wire is first to fill the distance from 0-2cm mark 
with a 'layer' of wire. Then build as many layers as possible in the radial 
direction up until the radial distance at which the holes from which the wire 
was thread. 

iv. Once the 0-2 cm space was filled radially and vertically, cut the wire with 
enough extra wire to solder a connection to a wire leaving the piston 
cylinder. 

c. Winding Wire B: 
i. From the purchased spool of wire, pull approximately 6'' of wire. Then wrap 

the bottom of that wire (non-loose end) a few times around the 1'' housing 
diameter above Wire A, then tape the loose end along the vertical height 
of the spool.  

ii. Continue winding similar to as in Wire A from 2-4cm. 
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iii. Cut the wire. Thread a separate piece of wire from the top of engine down 
to Generator Housing to complete circuit 

d. When Wire A & B want to be used: connect their loose ends by tying the ends and 
using electrical tape. Then connect the other loose end of Wire B to the external 
wire that was last threaded into the housing. If only Wire A wants to be used, 
connect external wire that was last threaded to Wire A' loose thread. 

6. Machine the End Plug and accompanying End Plug Pipe Fitting as specified in the 
technical drawings.  

7. Machine the Piston. 
a. On a lathe, machine the Piston to meet the tolerances specified by the technical 

drawings using the measured ID of the Sleeve Bearing. 
b. Tap and thread holes for Spring Studs.  

8. Machine the Displacer  
a. On a lathe, machine the Displacer components (Displacer Cylinder, Displacer 

Structure Top, Displacer Structure Bottom) to meet the tolerances specified by the 
technical drawings using the measured ID of the Regenerator Housing. 

b. Tap and thread holes for Spring Studs.  
c. Using JB Weld on the internal connections between the Displacer components, 

assemble the Displacer ensuring a 90-degree angle between all components.  
9. Hang the Piston-Displacer-Spring assembly to ensure proper resting positions (See 

section 3.2.3). If they hang in the incorrect positions, consider the following steps.  
a. Check masses of displacer and piston. If incorrect, make changes accordingly and 

rehang. 
b. If masses are correct and positions are still incorrect, contact spring manufacturer 

and reorder springs to correct k values.  
10. Machine spring stud thread and pipe fitting threads into Blind Cap Flange.  
11. Weld the Slip on Pipe Flange and Bottom End Cap to the Piston Cylinder (see welding 

diagram) 
12. Assemble the Regenerator Housing, Sleeve Bearing, and Generator Housing stack and 

insert the Snap Ring.  
13. Insert Piston-Displacer-Spring Assembly 

a. Remove the Piston-Displacer-Spring assembly from the hanging rig and insert it 
into the Piston Cylinder Assembly with the End Plug removed from the End Cap.   

b. Grasp the bottom spring through the threaded End Plug hole and attach it to the 
Spring Stud in the End Plug.  

c. Wrap teflon tape around the End Plug threads and insert back into End Cap, torque 
lightly to ensure seal.  

14. Place and secure Blind Cap Flange 
a. Place the Gasket in its rough position on the Slip On Flange 
b. Run wires from the Linear Generator through the wire Strain Relief pipe fitting 

holes in the Cap Flange.  
c. Connect the top Spring connected to the Piston to the Spring Stud on the Cap 

Flange, being careful not to overextend the Piston Spring.  
d. Align the holes of the Slip On Flange, Cap Flange, and Gasket.  
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e. Insert the eight Bolts, Nuts, and Lock Washers into the Flange holes and torque 
based on Buna-N Gasket literature recommendations.  

15. Connect Pipe Fittings 
All pipe thread should be connected using airtight Teflon tape.  

a. Pull wires through Strain Reliefs and insert Strain Reliefs into respective pipe 
threads on the Cap Flange. Torque until airtight.  

b. Connect the Pipe Elbows to the Bounce Space and Cap Flange Thread positions. 
Connect the Pipe Elbows via the Pipe Nipple.  

c. Check all connections to ensure a good seal.  
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5.9 Appendix I: Experimental Assembly Construction 
1. Test shield construction 

a. Cut the 80/20 T-Channel to the following lengths: 4x10.5”, 2 x 23.5”, 2x12.5”, 
4x19.5” 

b. Cut the ⅛” polycarbonate to the following dimensions: 

4 panes of 19.5” x 12.5” 

1 pane of 12.5” x 12.5” 

c. Cut a passthrough door of 3” x 4” out of one of the 19.5” x 12.5” panes. 
d. Cut a hole in the top of the 12.5” x 12.5” pane for bounce space attachment 
e. Drill holes ½” from the edges of each side of the polycarbonate panes for 

attachment to the 80/20 structure, as well as holes for the hinge connected to the 
passthrough door. 

f. Assemble the shield as shown in the drawing:  

 

Figure 17: Test Shield 

i. Assemble the 80/20 framework by attaching joints with the Inside brackets 
(part 4119), cap screws, and T-nuts. 

ii. Attach the 4 hole adjustable panel hinge to the 80/20 framework and 
passthrough door with T-nuts and cap screws 

iii. Attach the side and top panels to the 80/20 framework with remaining T-
nuts and cap screws 

2. Heating coil setup 
a. Wrap and secure the TEMPCO band heater around the part of the engine directly 

above the end plug by screwing down the provided attachment bolt. 
b. Attach wires to band heater terminals for power and ground. 

3. Cooling coil setup 
a. Cut the ¼” OD copper coil to a length of 14’. 
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b. Follow proper procedures to solder-connect the two solder-joint fittings (McMaster 
part 5520K174) to the ends of the cut copper coil.  

c. Wrap the copper coil around the engine assembly, starting at an area 4” above the 
top of the band heater. 

d. Cut the 3/8” ID hose to one length of 3’, one length of 3’, and one length of 1’. 
e. Attach the 2’ hose to the free end of one of the solder-connect fittings, and the 3’ 

hose to the other solder-connect fitting. 
f. Attach the free end of the 2’ hose to one of the barbed pump connections on the 

SEAFLO 21-series diaphragm water pump. 
g. Attach the 1’ hose to the other water pump barbed connection. 
h. Feed the 1’ hose and the 3’ hose to a large reservoir of cool water. 
i. Connect the pump to 12VDC power and ensure that the pipe attains and maintains 

flow. 
j. Disconnect the hose from the barbed pump connection for remaining test shield 

setup. 
4. Instrumentation 

Attach thermocouples to the engine body in the following locations: 
a. Top of heating coil area 
b. Bottom of cooling coil area 
c. Top of cooling coil area 

5. Test shield setup 
a. Open passthrough door. 
b. Place test shield over engine assembly. 
c. Feed cooling coil tube, heating coil wires, generator wires, and thermocouple wires 

through passthrough door 
6. Pressure connections 

Secure bounce space connection pipe to pressure inlet on top of engine 
7. Electrical connections 

a. Connect cooling coil and heating coil thermocouples to DAQ input pins. 
b. Connect heating coil ground wire to ground. 
c. Connect heating coil power wire to control transistor 

i. Connect transistor base pin to DAQ output 
ii. Connect transistor emitter pin to heating coil power wire 
iii. Connect transistor collector pin to 120VAC power 

d. Connect regenerator wires to dummy resistor 
i. Connect two 1 Ω resistors in parallel 
ii. Connect regenerator wires to either end of parallel resistor network 
iii. Connect probe wires for measuring voltage to ends of parallel resistor 

network and to DAQ board. 
e. Structure LabVIEW VI to establish PID control of output power to heating coil via 

transistor based on heating coil thermocouple input, as well as collecting data on 
hot side temperature, cold side temperatures, and voltage across the resistor 
network. 

8. Cooling coil reattachment 
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a. Reattach 2’ hose to barbed pump connection 
b. Feed free hose ends to cool water reservoir 
c. Connect pump to 12VDC power 

  



 

 

Stirling 79 

5.10 Appendix J: Hand Calculations 

5.10.1 Linear generator analysis 
The number of turns N of wire with gauge g that can fit in a slot with rectangular cross-section of 
dimensions w and h can be estimated as follows: 

𝑁𝑁 =  
𝑏𝑏 ∗ ℎ ∗ 𝑘𝑘

𝑔𝑔2
 

 
Eq (19)60 

Where k represents a “filling factor”, an estimate of how well we wind the coil. While industrial 
windings use k values above 0.9, a conservative 0.6 was used to estimate the total number of 
turns: 1312.  

5.10.2 Heat flux calculations 
To calculate the heat flux needed, the amount of energy required (𝑄𝑄𝑛𝑛𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 ) to heat up the mass 
of helium (m) inside by ∆𝑇𝑇 = 200K is estimated. cp is the heat capacity of helium.  

𝑄𝑄𝑛𝑛𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 =  mcp∆𝑇𝑇 Eq (20) 
 

For our system oscillating with frequency 𝑓𝑓, and with a hot volume lateral surface 𝐴𝐴𝑠𝑠, the heat flux 
required by our system is: 

𝑃𝑃𝑛𝑛𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 

𝐴𝐴𝑠𝑠
=  
𝑓𝑓 ∗ 𝑄𝑄𝑛𝑛𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑

𝐴𝐴𝑠𝑠
 Eq (21) 

 

A value of about 9.1 𝑊𝑊
𝑐𝑐𝑛𝑛2

 is obtained. Therefore, the TEMPCO band heater with heat flux 35 𝑊𝑊
𝑐𝑐𝑛𝑛2

 is 
sufficient for our system.  

  

  

 
60 Ather 
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5.11 Appendix K: Test Procedures 
The following procedures should be conducted with working fluids and internal pressures in the 
following order: I. air, 1.01 bar; II. air, 2 bar; III. helium, 1.01 bar; IV. helium, 2 bar. 

 

1. Connect working fluid (air or helium) to bounce space pressure inlet. 
2. Feed working fluid into bounce space until test pressure is attained. If changing working 

fluids, open engine pressure release and pressurize with working fluid for 15 minutes. 
3. Run LabVIEW VI such that the hot side reaches a temperature of 200°F. 
4. Maintain the hot side at 200°F for 4 minutes, reading voltage and temperature 

measurements to ensure successful startup and continued function. 
a. For troubleshooting startup errors, refer to the PFMEA included in Appendix D. 

5. After test run is completed, safely shut down the experimental setup. 
a. Turn off power to the heating coil and pump and wait for measured temperature in 

heating coil to reach room temperature. 
b. Empty excess water in cooling coil tube. 
c. Disconnect wires from DAQ board. 
d. Disconnect bounce space from engine body. 
e. Remove test shield, taking care to pass wires and tubes back through passthrough 

door. 
f. Inspect engine body for damage 

6. Repeat testing using above sequence of working fluids and internal pressures. 
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5.12 Appendix L: Life Cycle Analysis Results 
Table 8: Sustainable Minds estimates for construction, 1 kW Stirling Engine 

  Total CO2 Equivalent 
Emissions (kg) 

Total weighted negative 
social impacts (MPTS) 

Manufacture of engine 540 - 

Energy used in transportation of 
materials and production 

180 - 

Total 720 520 (composite value) 

 

Table 9: Sustainable Minds estimates for operation, laundromat dryer application 

  Total CO2 Equivalent 
Emissions avoided (kg) 
per year 

Total weighted negative social 
impacts (MPTS) avoided per year 
through waste heat recovery 

Operation of 1kW Stirling 
Engine for dryer 
application 

3200 110 
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Figure 18: Sustainable Minds environmental impact categories for construction of a 1kW Stirling Engine 
by percent of overall estimated impact 
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