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LOW POWER ENERGY HARVESTING WITH A THERMOELECTRIC 
GENERATOR THROUGH AN AIR CONDITIONING CONDENSER

by Faruk Yildiz and Keith L. Coogler

This paper explores the investigation of two air conditioning condenser 
units to determine where most temperature differences occur during 
condenser operation.

DESIGNING HYBRID ENERGY STORAGE SYSTEMS: A TOOL 
FOR TEACHING SYSTEM-LEVEL MODELING AND SIMULATION

by Biswajit Ray 

This paper explains modeling, designing, and simulating hybrid energy 
storage systems (HESS) using MATLAB/Simulink software. 

EVALUATION OF SOLID FUELS FOR THE COMMERCIAL  
COOKING INDUSTRY

by Virginia Charter, Ridge Reid and Rachel Mosier

This paper provides an in-depth analysis of regulations, focusing on a 
specific standard and its impacts on the commercial cooking industry given 
the changes in the cooking industry regarding use of solid fuels. 

EXPERIMENTAL ANALYSIS FOR ENERGY EFFICIENT  
PRODUCT DESIGN

by Alamgir A. Choudhury and Jorge Rodriguez 

This paper presents the design of a manually powered hydraulic bicycle 
using energy efficiency as a primary design objective.
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TEGs require heat as an energy source and can 
generate power as long as there is a heat source 
such as gas or oil flame, stove, campfire, industrial 
machinery, and furnace.  

Devices that scavenge energy from the ambient 
surrounding environment have become a popular 
topic for research. For some applications, energy 
scavenging eliminates the need for batteries or in-
crease the time between battery replacements. One 
ambient energy source found in our environment 
is a temperature change (thermoelectric-Seebeck) 
effect. This form of ambient energy is found in 
buildings, machines, bridges, staircases, furnaces, 
indoor and outdoor temperature differences, and 
the human body. The use of TEGs based on ther-
moelectric effects (or Seebeck, Peltier, Thomson 
effect) is possible by direct conversion of tempera-
ture differences to electrical power (Science n.d.; 
Snyder and Toberer 2008; CRC 1995; Snyder and 
Ursell 203; Thermal 2014; History 2012). The See-
beck effect occurs when a temperature difference 
exists between two dissimilar electrical conductors 
or semiconductors, producing a voltage across two 
materials.  

Thermal gradients in the environment are di-
rectly converted to electrical energy through the 
Seebeck (thermoelectric) effect as reported by 
DiSalvo (1999) and Rowe (1999). Temperature 
changes between opposite segments of a conduct-
ing material result in heat flow and consequently 
charge flow since mobile, high-energy carriers dif-
fuse from high to low concentration regions. Ther-
mopiles consisting of n- and p-type materials elec-
trically joined at the high-temperature junction are 
therefore constructed, allowing heat flow to carry 
the dominant charge carriers of each material to 
the low temperature end, establishing a voltage 
difference across the base electrodes in the pro-
cess. The generated voltage and power is relative 
to the temperature differential and the Seebeck 
coefficient of the thermoelectric materials. Big 
thermal gradients are essential to produce practi-
cal voltage and power levels (Roundy, Wright, and 
Rabaey 2004). However, temperature differences 

1. Introduction 
Thermoelectric generators (TEG) are devices 

that convert temperature differences into usable 
electricity. TEGs are made from thermoelectric 
modules, which are solid-state integrated circuits 
that employ three established thermoelectric ef-
fects: Peltier, Seebeck and Thomson. 

Abstract
Thermoelectric generators (TEG) are de-

vices that convert heat into usable electrici-
ty. TEGs are made from thermoelectric mod-
ules, which are solid-state integrated circuits 
that employ three established thermoelectric 
effects: Peltier, Seebeck, and Thomson. TEGs 
require heat as an energy source and can 
generate power as long as there is a heat 
source such as gas or oil flame, stove, camp-
fire, industrial machinery, and furnace. This 
paper explores the investigation of two air 
conditioning condenser units to determine 
where most temperature differences occur 
during condenser operation. For this pur-
pose, several thermometers are placed in-
side the condenser unit to conduct measure-
ments, which are performed during day and 
night, considering outdoor temperature to 
compare temperature variations inside the 
condenser unit based on outside tempera-
ture. A team of students with renewable en-
ergy background installed a thermoelectric 
generator inside an air conditioning con-
denser unit. Their study dealt with efficien-
cy, power generation capability/capacity, 
cost, size, potential consumer applications, 
and system installation complexity to gen-
erate power. The balance of the system in-
cluded the number of the components that 
go into it. The test results of the potential 
applications with TEGs will be shared with 
academia.

Low Power Energy Harvesting with a Thermoelectric 
Generator through an Air Conditioning Condenser  
Faruk Yildiz and Keith L. Coogler
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greater than 10° C are rare in a micro-system, so 
consequently such systems generate low voltage 
and power levels. Moreover, naturally occurring 
temperature variations can also provide a means 
for scavenging energy from the environment with a 
high temperature. Stordeur and Stark (1997) have 
demonstrated a thermoelectric micro-device that is 
capable of converting 15 μW/cm3 from 10° C tem-
perature gradients. While this is promising and, 
with the improvement of thermoelectric genera-
tors, could eventually result in more than 15 μW/
cm3, situations with a static 10° C temperature dif-
ference within 1 cm3 are very rare. This, however, 
assumes no losses in the conversion of power to 
electricity.  

A variety of thermoelectric generators is avail-
able in the market, and there are industrial appli-
cations of TEGs. The efficiency of thermocouples 
has been researched by both academic institutions 
and private sectors to increase output power of 
thermoelectric generators. According to the Bier-
schenk and Townsend, a compact, thermal energy 
harvester can power temperature and vibration 
sensors that monitor motors anywhere inside the 
plant, alerting managers of excessive motor wear 
and allowing them to perform preventative mainte-
nance to avoid factory downtime (Perpetual n.d.). 
This task lessens regular maintenance schedules 
and costly unnecessary repairs. 
Basically, a solid-to-air miniature 
harvester consisting of a ther-
moelectric device positioned 
between an aluminum interface 
plate and small, finned natural 
convection heat sink sustains 
requirements. One of the latest 
designs of thermoelectric energy 
harvester is the TEG designed 
and introduced in the “Available 
Technologies” website of the Pa-
cific Northwest National Labora-
tory (2007). This new thermo-
electric generator is equipped 
for conversion of environmental 
(ambient) thermal energy into 
electric power for a variety of ap-
plications that necessitate low 
power source use. This thermo-
electric energy harvester includes 
an assembly of very small and 
thin thermocouples in a unique 
configuration that can exploit 
very small (>2° C) temperature 
variations that occur naturally 
in the environment of the appli-

cation such as ground-to-air, water-to-air, or skin-
to-air interfaces. The body of the TEG consists of 
reliable and stable components that provide main-
tenance free, continuous power for the lifetime of 
the application claimed by the manufacturer. De-
pending on the temperature range, a TEG’s electri-
cal output can be changed from a few microwatts 
to hundreds of milliwatts and more by modifying 
the design. Applications of this energy-harvesting 
design are diverse, including automotive perfor-
mance monitoring, homeland and military secu-
rity surveillance, biomedicine, and wilderness and 
agricultural management. Thermoelectric energy 
harvester may also be appropriate for many other 
stand-alone, low-power applications, depending 
on the nature of the application. 

In addition to PNNL’s patent pending thermo-
electric generator, Applied Digital Solutions Cor-
poration has developed and presented a thermo-
electric generator as a commercial product. This 
thermoelectric generator is capable of producing 
40 μw of power from 5° C temperature variations 
using a device that is 0.5 cm2 in area and a few mil-
limeters thick (Pescovitz 2002). This device gener-
ates about 1V output voltage, which can be enough 
for low power electronic applications. Moreover, 
the thermal-expansion actuated piezoelectric gen-
erator has also been proposed as a method to con-

Figure 1. Seebeck effect thermoelectric power generator.
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vert power from ambient temperature gradients to 
electricity by Thomas, Clark, and Clark (2005). As 
an example, Figure 1 shows a picture of a Seebeck 
effect TEG (Perpetual n.d.). 

 
2. Thermoelectric Generator (TEG) 

A TEG module was purchased from Custom 
Thermoelectric ($99.75). The hot side of the mod-
ule is rated to a maximum of 300º C (572º F) con-
tinuous and cold side is rated to a maximum of 
180º C continues (356º F). Both sides of the TEG 
have graphite foil pre-applied as a thermal inter-
face material (TIM). Figure 2 shows power, voltage, 
resistance, and current plots based on temperature 
difference.  

The first graph in Figure 2 shows power output 
based on temperature differences on both sides 
of TEG unit. The tested temperature for cold side 
is from 25º C to 100º C and hot side temperature 
from 50º C to 300º C. The larger the temperature 
difference, the more output power is available from 
TEC unit. For example, TEG generates about 20W 
power having cold side 25º C and hot side 300º C, 
which is about a 275º C temperature difference.  

The second graph in Figure 2 shows voltage 
output based on same temperature conditions for 

power output. The maximum voltage generated is 
4 Volts at 275º C temperature difference between 
hot and cold plates. The ambient temperature 
should be considered when a very low or hot am-
bient temperature is available. 

TEG current output graph is similar to power 
and voltage graphs. The current increases with tem-
perature differences. The TEG resistance graphs 
shows temperature and average resistance. Both 
temperatures (cold and hot side) are added and 
divided by 2 to yield average temperature. When 
average temperature increases, the resistance in-
creases almost linearly.  

Figure 3 shows dimensions of a single module. 
The weight of the module is 60 grams. The AC re-
sistance is .38 ohms at 27° C (Thermoelectric 2012; 
Custom 2007; TEG 2014).  

A TEG will deliver the maximum power output 
when the load resistance equals the TEG’s inter-
nal resistance. Charts can be used to determine the 
TEG’s resistance. To make a calculation, add the 
values of both the hot and cold side temperatures 
and then divide by 2 for the average temperature. 
If the load cannot be matched, then the load re-
sistance must be higher than the TEG resistance, 
rather than lower. 

Figure 2. Power, voltage, resistance, and current plots of the TEG module (reprinted with permission from Custom Thermo-
electric, http://www.customthermoelectric.com).
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Figure 4 shows power specifications of the TEG 
power module. The first column shows a 100° dif-
ference between hot and cold sides. The power 
generation is only about 3.54W while the second 
main column shows a 270° difference between hot 
and cold sides. Power generation for this differ-
ence is about 19.1 watts.  

 
3. Simulation and Implementation of TEG 
Module 

The project team conducted a simulation for 
the TEG module using SOLIDWORKS simulation 

software tools (SOLIDWORKS 2014). Students 
gathered all the information from the TEG specifi-
cation sheets. They then determined a test bed to 
implement the TEG unit in a real world environ-
ment, instead of heating and cooling both sides of 
the TEG module artificially in the lab environment. 
The HVAC unit was an operational unit that pro-
vides air conditioning to the main laboratory build-
ing classroom and office area. Students decided 
to use an air conditioner unit to test the TEG unit 
and run the simulation according to the unit’s tem-
perature environment. The simulation is a thermal 

Figure 3. Dimensions of 1261G-7L31-24CX1 TEG module (reprinted with permission from Custom Thermoelectric, http://
www.customthermoelectric.com/powergen/pdf/1261G-7L31-24CX1_spec_sht.pdf).

Figure 4. Seebeck TEG generator power specifications (reprinted with permission from Custom Ther-
moelectric, http://www.customthermoelectric.com/powergen.html).
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analysis using the finite element method. There 
is no structural analysis. The components are ori-
ented out of plan with each other, not because of 
structural deformation but because the hot and 
cold lines in the condenser unit were not paral-
lel to each other, and we wanted to avoid putting 
a mechanical load on the thermoelectric unit. A 
flexible component was later added to prevent me-
chanical loading of the thermoelectric module due 
to either thermal stress/strain or vibration. Here 
are the steps: 

• Students studied the overall HVAC unit to 
determine potential sources of waste ener-
gy and devised methods for energy harvest-
ing. 

• Predesign measurements were made to de-
termine operational time based on seasons 
(temperature differentials). 

• Measurements were taken and compared 
to calculated potential power to be harvest-
ed from the unit.  

• Students acquired test and measurement 
data to simulate the TEG module with 
SOLIDWORKS simulation thermal finite el-
ement analysis. It was a thermal simulation 
to determine the temperature distributions 
in the copper plates and pipes. 

For assembly and clamping of the TEG module 
to the pipes (cold and hot side) of the compres-
sor unit in the HVAC system, students investigated 
the compressor and the copper lines in the sur-
rounding area. They then created a 3D CAD design 
to determine materials needed to assemble a TEG 
module to the pipes with high efficiency in terms 
of power output. Below are the parts purchased 
and integrated to clamp the TEG to the pipes of 
the compressor:    

• Copper 122 tube (0.75” x 0.0065” x 0.62”) 

• Copper 122 tube (0.875” x 0.0065” x 0.745”) 

• Copper 1110 H04 rectangle (0.25”) 
 
In the simulation process, aluminum, copper, 

brass, and bronze were evaluated for the TEG as-
sembly mounting components. Copper was the 
material of choice because of its thermal charac-
teristics and availability, but it was expensive. The 
copper as drawn (see simulation results below) 
resulted in a 56.2° F difference from one side of 
the module to the other. However, this might be 
improved by making the part that contacts the 
thermoelectric thicker and insulating it on the side 
away from the thermoelectric module. Other mate-
rials can be used later for test purposes when the 

project is extended in the future. Figure 2 shows 
the photographs of the clamped TEG module. The 
summary of SOLIDWORKS simulation results fol-
low in Figure 6 and a related table with a short 
summary description of how simulation was con-
ducted. The off-axis tilt of the two pipe clamps with 
respect to each other shown in Figure 6 is not due 
to mechanical deformation but is deliberately de-
signed that way so that the clamps could be fixed 
to the non-parallel copper tubing in the HVAC unit 
without putting mechanical stress on the TEG mod-
ule. In Figure 5, a flexible component was added to 
assist with alignment and vibration issues. 

 
4. Simulation Description 
– Copper clamp  
– Heat transfer flange 0.25” thick  
–  Standard thermoelectric module at 3.88 W/m°  K 

(from manufacturer’s data)   
–  Total of three modules, one sandwiched, two on 

outside  

• Heat transfer was much better for the ¼” 
thick sandwich than for the 1/8” sandwich. 
The median temperature difference from 
one face of the sandwiched module to the 
other was about 32.7° F for the 1/8” flange 
while the difference was about 59.8° F for 
the ¼” sandwich.  

• Various insulators were tried on the surface 
of the flanges (e.g., rubber, fiberglass, etc.) 
to minimize heat loss to ambient condi-
tions. However, none of these were as ef-
fective as increasing the flange thickness.  

• Putting an additional thermoelectric ele-
ment on the outside of the flanges to col-
lect a small additional amount of energy 
was tried. This only resulted in about 10° F 
gradient across these outer elements, so it 
may not be worth doing.  

Individual element probing was not done. The 
mesh is fairly coarse and, if refined further, may 
produce results that are more accurate through 
the thermoelectric device if the elements are small 
enough to eliminate spanning the thickness of the 
thermoelectric device. However, refining the mesh 
would only be significant if the material properties 
of the TEG modules’ internal components were 
known and varied through the thickness.  The man-
ufacturer’s “aggregate” material property informa-
tion for the TEG module as a “black box composite 
part” was therefore used in the analysis. Optimi-
zation of the flange design was not performed us-
ing the automatic optimization features in SOLID-
WORKS, but some trial and error optimization was 
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Figure 5. Photographs of the TEG module clamped to the pipes of the condenser.

Figure 6. Simulation of TEG module (analysis type: thermal-steady state finite element).



14 Journal of Engineering Technology  • Spring 2017

performed by altering the model and manually re-
running the analysis. Aluminum and brass do not 
seem to be viable materials for the project. This 
claim was based on heat capacity/conductivity data 
and heat transfer finite element simulations. Be-
cause the temperature difference between the hot 
and cold side lines was known prior to perform-
ing the computer modeling analysis and because 
it was recognized early in the process that we were 
dealing with a marginal temperature difference for 
power generation, using the best material for pro-
viding a heat conduit to the thermoelectric module 
that we could afford was necessary, and that mate-
rial was copper. 

In the simulation, the mesh was not refined be-
cause information on the internal component ma-
terial properties was not available. Therefore, an 
aggregate set of mechanical and thermal properties 
for the TEG module was used, based on available 
manufacturer’s data. Because the thermoelectric 
device was modeled as a single piece with a single 
set of material properties, the mesh automatically 
generated efficient elements that spanned the thick-
ness (i.e., had nodes on each surface of the module 
in a single element). Without manufacturer’s data 
on the exact internal makeup of the thermoelectric 
module relative to variation of structural and ther-
mal material properties within the module itself, 
there is no reason to refine the mesh. 

The size of the copper sandwich is the critical 
dimension. While insulating materials do not seem 
to make much difference to the temperature gradi-
ents, it is still recommended to insulate the assem-
bly in practice. It may or may not be worthwhile to 
use the outside mounted thermoelectric elements, 
as temperature gradient will depend on ambient 
temperature and may not be a huge gradient.  

After the simulation of the module and mea-
surements were taken from the TEG module in-
side the HVAC unit, students identified issues with 
the assembly of the TEG unit and clamping to the 
compressor. Below are the some issues that were 
determined by the students. Table 1 shows the mea-
surements results from the installed TEG module.   

• Improper installation and insulation be-
tween copper stacks 

• Voltage = ~435mV (not enough voltage 
output) due to improper installation 

• Reassembly and installation needs improve-
ment 

• Cold and hot side are not parallel; this 
makes it difficult to install 

• Solder: silver/copper alloy
 
According to the temperature measurements, 

there is not enough temperature difference be-
tween hot and cold plates of the TEG unit due to 
improper installation of the TEG unit. The tem-
perature of the hot plate is about 129º F and the 
temperature of the cold plate is 100º F. The hot 
side conducts the temperature to the cold plate 
through the screws attaching copper on both sides. 
with a TEG module in-between. Students removed 
the assembly from the condenser unit and tested 
the TEG module in a lab environment again to find 
out if there was damage on the TEG module. The 
lab testing showed appropriate power output ac-
cording to the specification sheet provided by the 
manufacturer.  

Actual test results are listed and discussed based 
on test values in Figure 8. Depending on the appli-
cation, one of the two modules maybe is preferred. 
In some applications, the size of the energy genera-
tion module maybe a concern; in this case, a TEG 
may be considered if there is sufficient input avail-
able to generate power output. The TEG module 
implemented in this research necessitates more 
components so that the TEG module will generate 
an appreciable amount of power, such as the use 
of copper plates for efficient thermal conductivity 
in some applications. For interior design applica-
tions, TEGs are effective candidates to generate 
power. However, it is not easy to reach an appre-
ciable amount of temperature difference such as 
150º F – 300º F, as suggested by the data in Table 2. 

 
 5. Educational Outcomes 

Three electronics and two design and develop-

Table 1. Temperature testing results of TEG module.
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ment major students were involved in this project; 
all were graduating seniors. The most common 
feedback from the students centered on skillsets 
gained for teamwork and their increased knowl-
edge of thermoelectric energy. Two of the elec-
tronics major and design students showed inter-
est in extending the project to overcome some 
of the issues they faced during the TEG module 
study. Students also want to study a TEG power 
output increase with less temperature differences. 
Two students will enroll in an independent study 
course to work on this project during the spring se-
mester. For demonstration purposes, modules are 
being used in two renewable energy-related class-
es: “Alternative Energy Technology” and “Energy 
Harvesting from Renewable Energy Sources.” This 
type of project produces hands-on activities and 
demonstration modules for the students enrolled 
in energy classes. For example, the outcomes of 
this study created several student lab activities: an 
overview of making measurements (voltage, cur-
rent, resistance, temperature, pressure), overview 
of thermoelectric energy and TEG modules, learn-
ing materials (aluminum, brass, copper), simula-
tion study (finite element analysis), soldering (cop-
per), machining (machine the plates), design work 
(2D/3D design), couples design, theoretical analy-
sis, implementation and evaluation of the technol-
ogy, a literature review for a project, etc. In this 
study, students saw firsthand the relative merits 
and disadvantages of both technologies.  

6. Conclusion 
  Tis study focused on TEGs with a power-gener-

ating capacity of 20W. Experimental and theoretical 
results relating thermoelectric-to-electrical conver-
sions using TEGs were shared. This project was 
mainly accomplished by the students, and their 
feedback was very positive. Undergraduate stu-
dents gained skillsets on a renewable energy proj-
ect and learned to complete a market search for 
the best match products needed for this research.  
While the cost of the TEG modules is still high, the 
size of modules is considerably smaller for limited 
applications. This is an advantage, for the projects 
have space considerations. There are many re-
search attempts to increase efficiency of the TEGs 

and determine potential applications. With the ex-
pected development of more efficient TEGs, the 
number of TEG-based applications will be used in 
most energy projects in the future that require low 
power. 
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level modeling and simulation while integrating 
aspects of electrical power, control systems, and 
power electronics. Circuit-level models of energy 
storage devices such as batteries and ultracapacitors 
can be developed from manufacturer provided 
performance characteristics. Similarly, circuit-
level model of a generator can be developed from 
its terminal characteristics and electromagnetic 
parameters. 

An example HESS for avionics applications, 
shown in Figure 1, connects various energy 
sources to the DC power bus via DC-DC power 
converters. These bidirectional power converters 
play a key role in designing HESSs, since they 
let energy sources of various voltage and power 
levels support the bidirectional system load in a 
controlled and predictable manner. Additionally, 
energy-dense and power-dense storage devices 
can be integrated to optimize the weight and 
performance of HESSs by effective use of DC-DC 
power converters. Accordingly, modeling of a 
switching power converter of the type shown in 
Figure 2 is an integral part of the HESS design and 
implementation process. 

From a pedagogical point of view, modeling and 
simulation of HESSs present an excellent platform 
to integrate various curricular content including 
modern energy storage devices, electrical and 
electronic circuits, electrical machines and power 
systems, electromechanical systems, signals and 
systems, control systems, and power electronics. 
Through this activity, students become familiar 
with system-level design from both top-down 
(system level to component level) and bottom-up 
(component level to system level) perspectives 
including an appreciation for multimode systems. 

The following sections present model develop-
ment/usage and simulation of various HESS sub-
systems and systems using the MATLAB/Simulink 
software (MathWorks 2017). A 270 VDC bus based 
HESS configurations for avionics applications in-
clude generator-ultracapacitor, generator-battery, 
generator-ultracapacitor-battery, and generator-
battery with DC-DC power converter. Discussion of 

1. Introduction 
 The hybrid energy storage system (HESS) 

concept is gaining importance in applications 
requiring load leveling, high-density energy 
storage, and emergency power. Energy sources 
used in modern HESS (Zhang, Jiang, and Yu, 2009; 
Miller and Ryan, 2011; Pedram, Chang, Kim, and 
Wang, 2010; Jeong, Lee, Kim, Seok-Choi, and Cho, 
2002; Gao, Dougal, and Lu, 2005; Liu, Corzine, and 
Ferdowsi, 2007) in the automotive and avionics 
sectors include high performance batteries such 
as Li-ion, ultracapacitors, and flywheels. HESS 
provides an excellent platform to teach system-

Abstract
Hybrid energy storage systems (HESS) 

are becoming an increasingly attractive op-
tion for energy management in high perfor-
mance automotive and avionics systems. 
This paper explains modeling, designing, 
and simulating HESS using MATLAB/Simu-
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pacitors, rechargeable batteries, and DC-DC 
converters provides a platform to introduce 
system level modeling and simulation to 
advanced undergraduate students. From a 
pedagogical point of view, HESS modeling 
and simulation of integrates various cur-
ricular content including modern energy 
storage devices, electrical and electronic 
circuits, electrical machines and power sys-
tems, electromechanical systems, signals 
and systems, control systems, and power 
electronics. Simulation results of various 
HESS configurations are discussed in rela-
tion to power bus regulation, load sharing 
among multiple energy sources, energy stor-
age amount, and optimal interfacing of en-
ergy storage devices to the DC bus to support 
dynamic actuator loads. 
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bridge rectifier and L-C filter. Adjusting the exci-
tation voltage of the generator under closed loop 
via output voltage feedback regulates the 270 VDC 
output. Figure 5 shows the excitation voltage, dy-
namic load current, and load voltage waveforms. 
For the given load, the output voltage undershoots 
or overshoots by about 24 V. but the generator sys-
tem recovers to within ±10 V in about 10 ms. The 
2.4 kHz peak-to-peak ripple of 0.4 V (correspond-
ing to about 0.15% of the 270 V bus) is shown in 
Figure 6.  
 
2.3 Ultracapacitor Model 

This study uses the K2 series 1200 F ultracapaci-
tor (BCAP1200) from Maxwell (2017). These 2.7 
V high-power density ultracapacitors have a maxi-
mum ESR of 0.58 mΩ and are capable of carrying 

simulation results focuses on load sharing, voltage 
regulation of DC bus, ripple voltages/currents, and 
the benefits of using DC-DC converters in interfac-
ing energy storage devices to the power bus. 

2. Modeling Actuator Load, Generator, 
and Energy Storage Devices 

2.1 Actuator Load 
This study considers an actuator load profile 

representing a low-power avionics application. 
Figure 3 shows the bidirectional actuator load 
used in designing and simulating various HESS 
configurations. For a 270 V DC bus, the actuator 
load sinks 27 kW and sources 24.3 kW, with a 
power slew rate of 10 kW/ms. 

 
2.2 Synchronous Generator Model 

The simplified synchronous ma-
chine si units model within MATLAB/
Simulink is used to model a synchro-
nous generator. The electrical system 
of the machine is modeled using the 
induced excitation voltage, stator 
winding resistance, and synchronous 
reactance. The mechanical system of 
the generator is modeled using the fol-
lowing parameters: generator speed, 
inertia, electromagnetic and electro-
mechanical torques, and damping fac-
tor representing the effects of damper 
winding. Figure 4 shows the model 
schematic used to test the 400 Hz syn-
chronous generator supplying a dy-
namic 270 VDC load via a three-phase 

Figure 1. An example HESS for avionics. Figure 2. Bidirectional buck/boost DC-DC converter.

Figure 3. Profile of a bidirectional actuator load.
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up to 930 A with a usable specific power of 
5.8 kW/kg and can store 1.22 Wh of ener-
gy. These devices are modeled as a simple 
first order R-C circuit. More detailed mod-
els using multiple time constant circuits 
are also available (Shi and Crow 2008). 

2.4 Li-Ion Battery Model 
Ultra-high power VL5U Li-Ion cells 

from Saft (2017) were used to design the 
battery pack. These 5 Ah/3.65 V cells are 
optimized for 10C to 100C continuous 
discharge or up to 250C for pulse power, 
with 18.26 Wh of energy storage. A two-
capacitance model (Johnson, Pesaran, and 
Sack 2000) of these types of cells was used 
as a baseline to develop a working mod-
el for VL5U cells based on reported data 
(Ferguson and Nechev 2009). The model, 
shown in Figure 7, is used to design a 270 
VDC battery pack consisting of 68 cells in 
series with an initial cell voltage of 3.9706 
V, corresponding to 80% initial state of 
charge. The model schematic of Figure 7 
includes a dynamic load whereby the bat-
tery cells are discharged and charged at 
20C rate. The resulting load voltage and 
associated current waveforms are also 
shown in Figure 7. The load voltage drops 
by about 4.8 V for 100 A of discharge cur-
rent, corresponding to an effective battery 
system resistance of 48 mΩ and a cell resis-
tance of 0.7 mΩ. 
 

Figure 4. Generator-rectifier system supplying a dynamic load.

Figure 5. Generator excitation voltage, load current, and load 
voltage waveforms.

Figure 6. 2.4 kHz ripple on the 270 VDC bus supported by the generator.
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3. HESS Configurations 
The following four HESS configurations, shown 

in Figure 8, were investigated as part of this study:

• Generator-ultracapacitor bank 
• Generator-battery pack 
• Generator-ultracapacitor bank-battery pack 
• Generator-battery pack (with  

DC-DC power converter) 

3.1 Generator-Ultracapacitor Configuration 
Figure 9 shows the simulation schematic. The 

actuator load on the 270 VDC bus is supplied pri-
marily by the bus-connected 270 V capacitor bank 
consisting of 110 cells of 1200 F/2.7 V ultracapaci-
tors in series. The generator supplies a constant 
load of 8.1 kW whereas the ultracapacitor bank 
supplies most of the 27 kW of actuator dynamic 

load.
Figure 10 shows the sim-

ulated waveforms for the 
generator-ultracapacitor 
bank system. The 270 VDC 
bus is well regulated, and it 
drops during the discharg-
ing mode and increases dur-
ing the charging mode by 
only about 5 V. The ultraca-
pacitor supplies more than 
80% of the actuator load 
while the generator supplies 
the rest of the dynamic load. 
Additionally, the generator 
supplies the constant load 
on the system bus. 

 

3.2 Generator-Battery 
Configuration 

Figure 11 shows the simu-
lation schematic of a genera-
tor-battery pack system. The 

Figure 7. Li-ion battery model and associated waveforms for a 270 VDC load.

(a) Two capacitance Li-ion battery model. 
(b) Load voltage and load current waveforms 

            supplied by a 270 VDC Li-ion battery pack.
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Figure 8. Various HESS configurations simulated for this study.
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The simulation waveforms for the 
generator-battery pack configuration 
are shown in Figure 12. The battery 
bank supplies more than 80% of the 
actuator load while the generator 
supplies the remaining actuator load 
plus the constant load on the bus. 
The voltage regulation is ±4V for the 
270 VDC bus, well within the accept-
able range. 

3.3 Generator-Ultracapacitor-
Battery Configuration

In the configuration shown in Fig-
ure 13, both the ultracapacitor bank 
and the battery pack contribute to 
sourcing and sinking the actuator load 
while the generator primarily supplies 
the constant load on the bus. The rele-
vant simulated waveforms for this sys-
tem are shown in Figure 14. The bus 
regulation has improved to ±2 V since 
the actuator load is shared between 
the battery pack and the ultracapaci-

tor bank. The battery pack, ultracapaci-
tor bank, and the generator carry about 

50%, 40% and 10% of the actuator load, respectively. 
Based on the voltage regulation data, it is evident 
that this system is overdesigned, and there is room 
for reduction in the system’s energy storage capabil-
ity as well as mass and volume. 

270 VDC battery pack consists of 68 VL5U Li-Ion cells 
in series at 80% initial state of charge. Again in this 
configuration, the generator supplies the constant 
load on the bus while the battery pack supplies most 
of the dynamic actuator load. 

Figure 9. Generator-ultracapacitor HESS supplying a 270 VDC actuator load.

Figure 10. Voltage and current waveforms for the generator-ultraca-
pacitor HESS.
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battery accepts 100% of the actuator current. The 
constant load of 30 A on the 270 VDC bus is sup-
plied by the generator. 

3.4 Generator-Battery (with DC-DC Power 
Converter) Configuration 

In this configuration, a DC-DC power converter 
is used to avoid excess energy storage due 
to direct bus connection of battery pack. In-
stead of using 68 cells for 270 V direct bus 
connection, a 135 V battery pack consisting 
of 34 cells in series is connected to the bus 
via a bidirectional DC-DC synchronous buck/
boost converter. The system schematic in 
Figure 15 uses a 100 kHz DC-DC converter 
to interface the battery pack to the 270 VDC 
bus. In this configuration, the generator con-
troller regulates the bus voltage whereas the 
DC-DC converter controller regulates the 
current contributed by the battery pack via 
the converter. By design, the battery convert-
er sources 90% of the actuator load during 
the discharging mode and sinks 100% of the 
actuator load during the charging mode to 
be able to maintain a stable battery state of 
charge. 

Figures 16-19 show the simulated wave-
forms for this system. Bus voltage regulation 
can be seen in Figure 16, along with the load 
sharing between the generator and the bat-
tery converter. During the discharging mode, 
the generator and battery converter supply 
10% and 90% of the actuator load, respec-
tively. And during the charging mode, the 

Figure 11. Generator-battery HESS supplying a 270 VDC actuator load.

Figure 12. Voltage and current waveforms for the generator-battery 
HESS.
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The battery current and voltage 
waveforms are shown in Figure 17. The 
battery sources slightly more current 
than it sinks, since its voltage is about 
130 V during the discharging mode 
compared to 139 V during the charg-
ing mode. Significant high frequency 
ripple can be observed in the genera-
tor and battery converter currents (Fig-
ure 16) and battery current and volt-
age (Figure 17) waveforms. These 2.4 
kHz and 100 kHz ripples in Figures 18 
and 19, respectively, are contributed 
by the generator/rectifier circuit and 
the switching DC-DC power convert-
er. The 2.4 kHz peak-to-peak ripple in 
the generator current and the battery 
converter current are about 5 A and 
within the acceptable level. Similarly, 
the 100 kHz ripple in the battery cur-
rent is about 22 A and about 0.5 V in 
the battery voltage, and are deemed ac-
ceptable. If further reduction in ripple 
voltages and currents is necessary, ad-
ditional filtering can be incorporated 
into the design. 

 

Figure 13. Generator-ultracapacitor-battery HESS supplying a 270 VDC actuator load.

Figure 14. Voltage and current waveforms for the generator-
ultracapacitor-battery HESS. 
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4. Discussion 
Simulation results from various HESM 

configurations indicate that energy storage 
devices (ultracapacitors and Li-ion batteries) 
are capable of supporting bidirectional ac-
tuator load while the generator mostly sup-
ports the steady load on the power bus. Also, 
direct connection of energy storage devices 
onto the power bus may be preferable from 
a reliability point of view but doing so will 
likely result in overdesign in terms of bus 
voltage regulation and/or energy storage re-
quirement. Use of DC-DC converters to in-
terface energy storage devices to the power 
bus provides an opportunity for the designer 
to optimize the overall system by reducing 
the effective voltage level of the energy stor-
age banks/packs, thereby reducing the num-
ber of cells in the energy storage bank/pack. 
This, in turn, will help optimize the overall 
system in terms of electrical performance 
as well as mass and volume. Use of DC-DC 
converters also helps to match the number of 
energy storage elements in the bank/pack to 
the system required energy storage amount. 
Additionally, by using DC-DC converters, the 
bus voltage can be regulated by the generator 
controller whereas the converter controllers 
can be used to control the current sourced/
sinked by energy storage banks/packs. 

Figure 15. Generator-battery with DC-DC converter HESS supplying a 270 VDC actuator load.

Figure 16. Voltage and current waveforms for the generator-
battery with DC-DC converter HESS. 



26 Journal of Engineering Technology  • Spring 2017

In a HESS with defined energy storage 
requirement in addition to bus regula-
tion against bidirectional dynamic actua-
tor load, direct bus connected power-
dense ultracapacitors are the device of 
choice to support the actuator load while 
energy-dense Li-ion batteries can be used 
to meet the energy storage requirement. 
Since this stored energy will likely be 
used for emergency situations, a DC-DC 
converter will be needed to regulate the 
DC bus while the generator is offline. 

Figure 20 shows such a system con-
figuration. Using the power-dense ultra-
capacitors for the dynamic actuator load 
and energy-dense batteries for energy 
storage opens up opportunities to opti-
mize the system in terms of electrical per-
formance, thermal performance, mass, 
and volume. 
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  䈀愀猀椀挀 愀渀搀 䤀渀琀攀爀洀攀搀椀愀琀攀Ⰰ ㈀㐀琀栀 䔀搀椀琀椀漀渀⨀
䄀搀瘀愀渀挀攀搀 䄀甀琀漀䌀䄀䐀 ㈀　㠀㨀 䄀 倀爀漀戀氀攀洀ⴀ匀漀氀瘀椀渀最 
  䄀瀀瀀爀漀愀挀栀Ⰰ ㌀䐀 愀渀搀 䄀搀瘀愀渀挀攀搀Ⰰ ㈀㐀琀栀 䔀搀椀琀椀漀渀⨀
匀伀䰀䤀䐀圀伀刀䬀匀 ㈀　㜀 昀漀爀 䐀攀猀椀最渀攀爀猀Ⰰ 㔀琀栀 䔀搀椀琀椀漀渀
匀伀䰀䤀䐀圀伀刀䬀匀 ㈀　㘀㨀 䄀 吀甀琀漀爀椀愀氀 
   䄀瀀瀀爀漀愀挀栀Ⰰ ㌀爀搀 䔀搀椀琀椀漀渀
匀漀氀椀搀 䔀搀最攀 匀吀㤀 昀漀爀 䐀攀猀椀最渀攀爀猀Ⰰ 㐀琀栀 䔀搀椀琀椀漀渀
䄀甀琀漀搀攀猀欀 䤀渀瘀攀渀琀漀爀 倀爀漀昀攀猀猀椀漀渀愀氀 ㈀　㠀 昀漀爀 
  䐀攀猀椀最渀攀爀猀Ⰰ 㠀琀栀 䔀搀椀琀椀漀渀⨀
倀吀䌀 䌀爀攀漀 倀愀爀愀洀攀琀爀椀挀 㐀⸀　 昀漀爀  
  䐀攀猀椀最渀攀爀猀Ⰰ 㐀琀栀 䔀搀椀琀椀漀渀⨀
䌀䄀吀䤀䄀 嘀㔀ⴀ㘀刀㈀　㘀 昀漀爀 䐀攀猀椀最渀攀爀猀Ⰰ 㐀琀栀 䔀搀椀琀椀漀渀
一一堀 ⸀　 昀漀爀 䐀攀猀椀最渀攀爀猀Ⰰ 　琀栀 䔀搀椀琀椀漀渀
一堀 一愀猀琀爀愀渀 㤀⸀　 昀漀爀 䐀攀猀椀最渀攀爀猀
匀伀䰀䤀䐀圀伀刀䬀匀 匀椀洀甀氀愀琀椀漀渀 ㈀　㘀㨀 䄀 吀甀琀漀爀椀愀氀 
  䄀瀀瀀爀漀愀挀栀
䄀甀琀漀搀攀猀欀 匀椀洀甀氀愀琀椀漀渀 䴀攀挀栀愀渀椀挀愀氀 ㈀　㠀 
   昀漀爀 䐀攀猀椀最渀攀爀猀Ⰰ 㐀琀栀 䔀搀椀琀椀漀渀⨀
䄀甀琀漀䌀䄀䐀 䴀䔀倀 ㈀　㠀 昀漀爀 䐀攀猀椀最渀攀爀猀Ⰰ 㐀琀栀 䔀搀椀琀椀漀渀⨀
䄀甀䄀甀琀漀䌀䄀䐀 倀氀愀渀琀 ㌀䐀 ㈀　㠀 昀漀爀 
  䐀攀猀椀最渀攀爀猀Ⰰ 㐀琀栀䔀搀椀琀椀漀渀⨀
䄀甀琀漀䌀䄀䐀 䔀氀攀挀琀爀椀挀愀氀 ㈀　㠀 昀漀爀 䔀氀攀挀琀爀椀挀愀氀 
  䌀漀渀琀爀漀氀 䐀攀猀椀最渀攀爀猀Ⰰ 㤀琀栀 䔀搀椀琀椀漀渀⨀
䄀甀琀漀䌀䄀䐀 䰀吀 ㈀　㜀 昀漀爀 䐀攀猀椀最渀攀爀猀Ⰰ ㈀琀栀 䔀搀椀琀椀漀渀
䰀攀愀爀渀椀渀最 䄀甀琀漀搀攀猀欀 䄀氀椀愀猀  
  䐀攀猀椀最渀 ㈀　㘀Ⰰ 㔀琀栀 䔀搀椀琀椀漀渀
䄀䄀一匀夀匀 圀漀爀欀戀攀渀挀栀 㐀⸀　㨀 䄀 吀甀琀漀爀椀愀氀 䄀瀀瀀爀漀愀挀栀

䄀甀琀漀搀攀猀欀 ㌀搀猀 䴀愀砀  ㈀　㠀㨀 䄀 䌀漀洀瀀爀攀栀攀渀猀椀瘀攀 
  䜀甀椀搀攀Ⰰ 㠀琀栀 䔀搀椀琀椀漀渀⨀
䄀甀琀漀搀攀猀欀 䴀愀礀愀 ㈀　㠀㨀 䄀 䌀漀洀瀀爀攀栀攀渀猀椀瘀攀 
  䜀甀椀搀攀Ⰰ 　琀栀 䔀搀椀琀椀漀渀⨀
䄀甀琀漀搀攀猀欀 ㌀搀猀 䴀愀砀 ㈀　㠀 昀漀爀 䈀攀最椀渀渀攀爀猀㨀 䄀 吀甀琀漀爀椀愀氀 
  䄀瀀瀀爀漀愀挀栀Ⰰ 㠀琀栀 䔀搀椀琀椀漀渀⨀
倀倀椀砀漀氀漀最椀挀 娀䈀爀甀猀栀 㐀刀㜀㨀 䄀 䌀漀洀瀀爀攀栀攀渀猀椀瘀攀 
  䜀甀椀搀攀Ⰰ ㌀爀搀 䔀搀椀琀椀漀渀
䄀搀漀戀攀 倀爀攀洀椀攀爀攀 倀爀漀 䌀䌀㨀 䄀 吀甀琀漀爀椀愀氀 䄀瀀瀀爀漀愀挀栀
䈀氀愀挀欀洀愀最椀挀 䐀攀猀椀最渀 䘀甀猀椀漀渀 㜀 匀琀甀搀椀漀㨀 䄀 吀甀琀漀爀椀愀氀 䄀瀀瀀爀漀愀挀栀
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  䄀瀀瀀爀漀愀挀栀Ⰰ 㐀琀栀 䔀搀椀琀椀漀渀
䈀氀攀渀搀攀爀 ㈀⸀㜀㜀 昀漀爀 䐀椀最椀琀愀氀 䄀爀琀椀猀琀猀⨀
䴀漀搀漀 　⸀　  昀漀爀 䐀椀最椀琀愀氀 䄀爀琀椀猀琀猀⨀
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䄀渀椀洀愀琀椀漀渀⼀嘀䘀堀  

䔀砀瀀氀漀爀椀渀最 䄀甀琀漀搀攀猀欀 刀攀瘀椀琀 ㈀　㠀 昀漀爀  
  䄀爀挀栀椀琀攀挀琀甀爀攀Ⰰ 㐀琀栀 䔀搀椀琀椀漀渀⨀
䔀砀瀀氀漀爀椀渀最 䄀甀琀漀搀攀猀欀 刀攀瘀椀琀 ㈀　㠀 昀漀爀 匀琀爀甀挀琀甀爀攀 Ⰰ 㠀琀栀 䔀搀椀琀椀漀渀⨀
䔀砀瀀氀漀爀椀渀最 䄀甀琀漀搀攀猀欀 刀攀瘀椀琀 ㈀　㠀 昀漀爀 䴀䔀倀 Ⰰ 㔀琀栀 䔀搀椀琀椀漀渀⨀
䔀砀瀀氀漀爀椀渀最 䄀甀琀漀䌀䄀䐀 䌀椀瘀椀氀 ㌀䐀 ㈀　㠀Ⰰ 㠀琀栀 䔀搀椀琀椀漀渀⨀
䔀砀瀀氀漀爀椀渀最 䄀甀琀漀䌀䄀䐀 䴀愀瀀 ㌀䐀 ㈀　㠀Ⰰ 㠀琀栀 䔀搀椀琀椀漀渀⨀
䔀䔀砀瀀氀漀爀椀渀最 䄀甀琀漀搀攀猀欀 一愀瘀椀猀眀漀爀欀猀 ㈀　㜀Ⰰ 㐀琀栀 䔀搀椀琀椀漀渀
䔀砀瀀氀漀爀椀渀最 䈀攀渀琀氀攀礀 匀吀䄀䄀䐀⸀倀爀漀 嘀㠀椀 ⠀匀攀氀攀挀琀猀攀爀椀攀猀 㘀⤀
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1. Introduction 
Understanding codes, standards, and regula-

tions is an important aspect in the education of 
undergraduates in engineering technology. NFPA 
is a leading international organization in the de-
velopment of consensus codes and standards that 
protect property and eliminate injuries or deaths 
due to fire, electrical and related hazards. Jurisdic-
tions worldwide adopt these codes and standards 
for incorporation into building and system design, 
operational best practices, or equipment stan-
dards. Engineering technology students need to 
understand the impacts of codes, standards, and 
regulations within their particular industry. Hav-
ing undergraduates participate in the research, 
application, and evaluation of these standards will 
prepare them to enter the workforce and provide 
valuable insight to their employers. This project, 
utilizing an undergraduate researcher to provide 
an in-depth analysis of these regulations, focuses 
on a specific standard and its impacts on the com-
mercial cooking industry given the changes in the 
cooking industry regarding use of solid fuels. Ad-
ditionally, this project provides information for a 
real-world application and solving problems that 
the industry faces. 

NFPA 96 provides strict design criteria on the 
requirements for commercial cooking equipment 
and associated exhaust hoods, including additional 

Abstract
The National Fire Protection Associa-

tion Standard for Ventilation Control and 
Fire Protection of Commercial Cooking Op-
erations, or NFPA 96, provides strict design 
criteria for commercial cooking equipment 
and exhaust hoods. Within NFPA 96, there are 
additional restrictions should a commercial 
kitchen utilize solid fuels within their cooking 
process including a separate exhaust hood for 
appliances using solid fuels as the primary 
heat source. NFPA 96 defines solid cooking 
fuel as “any solid, organic, consumable, fuel 
such as briquettes, mesquite, hardwood, or 
charcoal” (NFPA 2014). Solid fuels present an 
added hazard, specifically when the creosote 
that results from burning solid fuel mixes 
with grease-laden vapors from other cooking 
appliances. However, NFPA 96 provides an ex-
ception for gas-powered cooking appliances 
with a limited size tray for solid fuels solely 
intended for food flavoring. This equipment, 
if it meets the list of NFPA 96 restrictions, will 
not need a separate kitchen exhaust hood, 
but there is minimal information regarding 
this exception. Given the restrictions, a better 
understanding of the various solid fuels, from 
the manufacturing process to burning charac-
teristics, is necessary to validate the separate 
kitchen exhaust hood requirement or provide 
insight as to the limitations of the NFPA 96 
exception. There are few regulations for the 
manufacturing of solid fuels because solid 
fuel cooking, historically, has occurred out-
doors. With the rising popularity of smoked 
barbeque menu items and restaurants, sol-
id fuel cooking within indoor commercial 
kitchens is increasing. The requirement of a 
separate exhaust hood specifically for solid 
fuel cooking appliances is costly to owners. 
Additionally, there have been recent innova-

Evaluation of Solid Fuels for the Commercial  
Cooking Industry 
Virginia Charter, Ridge Reid and Rachel Mosier

tions within the commercial cooking indus-
try, specifically related to utilizing different 
solid fuels, such as wood pellets, as a part of 
the cooking process. Investigating the primary 
fuel sources for solid fuel cooking, including 
wood pellets, will provide the necessary data 
to determine what additional testing or cri-
teria commercial cooking appliances should 
undergo or potential changes or exceptions to 
NFPA 96 and the exhaust hood requirements 
for solid fuel cooking. 
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NFPA 96 requires that gas-powered equipment 
using solid fuels for flavoring do not need a sep-
arate exhaust system if they meet all 11 stipula-
tions listed in the standard. In newer equipment, 
the combustion of the solid fuel, not gas, powers 
the cooking equipment. An example of solid fuel 
cooking equipment versus commercial cooking 
equipment used in everyday life is a charcoal grill 
and a conventional home kitchen oven. The solid 
fuel, such as charcoal briquettes, supplies the heat 
source for the grill while a kitchen oven produces 
heat from natural gas or electricity. 

4. Challenges with Meeting Requirements 
The problem with meeting the requirements in 

NFPA 96 is requiring a separate exhaust system for 
solid fuels. Installing a separate system with listed 
components, fire suppression systems, grease fil-
ters, spark arrestors, along with maintenance and 
upkeep, exponentially adds costs that are not feasi-
ble for the end-user. The design of some buildings 
may preclude adding a secondary exhaust system 
due to the physical size of the business or space for 
the required exhaust duct system: the ducts can-
not pass through firewalls, must lead directly out-
side, and cannot connect to any other ventilation 
or exhaust system (NFPA 2014). Buildings requir-
ing renovations to install the system will not find it 
financially beneficial to install the system and will 
be at a disadvantage because they cannot use solid 
fuel appliances and solid fuels for cooking and fla-
voring.  

Exhaust systems capture the grease-laden va-
pors, smoke, and by-products produced during 
solid fuel commercial cooking near the production 
site and exhaust them through system ducts to the 
outside. The exhaust system consists of five main 
components: the hood, duct system, air cleaner, 
fan or air mover, and stack (Committee 1998).  
Having an effective exhaust system to capture, fil-
ter, and exhaust grease-laden vapors and contami-
nants is fundamental in controlling hazards associ-
ated with solid fuel cooking. Designing the system 
with accurate air flow velocities and equipment is 
critical in keeping the contaminants flowing prop-
erly through the system. 

5. Statistics in Eating and Drinking 
Establishments 

The most prominent threat to eating and drink-
ing establishments is cooking fires, which can be 
extremely costly, threaten the lives of employees 
and customers, and cause significant down time 
for damage repair. Examining the fire statistics in 
eating and drinking establishments between the 

restrictions should a commercial kitchen utilize 
solid fuels in its cooking processes. These 
requirements include a separate exhaust hood for 
appliances using solid fuels as the primary heat 
source. NFPA 96 defines solid cooking fuel as “any 
solid, organic, consumable, fuel such as briquettes, 
mesquite, hardwood, or charcoal” (NFPA 2014).  
Solid fuels present an added hazard, specifically 
when the creosote that results during the solid fuel 
burning process mixes with grease-laden vapors 
from other cooking appliances within the kitchen. 
Given the restrictions, a better understanding of 
the various solid fuels, from the manufacturing 
process to burning characteristics, will validate 
the requirements for separate kitchen exhaust 
hoods or provide insight as to the limitations of 
the exception within NFPA 96 not requiring a 
separate exhaust hood. Investigating the primary 
fuel sources for solid fuel cooking, including wood 
pellets, will provide the necessary data to determine 
what additional testing or criterion commercial 
cooking appliances should undergo or potential 
changes or exceptions to NFPA 96 and the exhaust 
hood requirements for solid fuel cooking.   

2. Standards and Regulations Requirements 
NFPA 96 sets the minimum preventative and 

operative requirements to design, install, operate, 
inspect, and maintain all public and private cooking 
operations. The purpose of NFPA 96 is to reduce 
the potential fire hazards of cooking operations 
regardless of the type of cooking equipment 
used. NFPA 96 outlines the minimum fire safety 
requirements for all devices and components 
that are involved in capturing, containing, and 
controlling grease-laden cooking vapors and 
residue deposits, such as creosote, made by solid 
fuels. Cooking equipment that produces grease-
laden vapors must include an exhaust system that 
meets the performance standards and requirements 
of NFPA 96. The standard also outlines clearance 
distances, system integrity, construction material, 
design, and construction of the exhaust system and 
appurtenances (NFPA 2014).  

3. Requirements for Solid Fuel Cooking 
NFPA 96 classifies solid fuel cooking equipment 

as any equipment that derives all or part of its heat 
source from burning solid fuels. The standard sets 
stringent requirements for solid fuel commercial 
cooking to account for the associated hazards 
of grease-laden vapors and creosote deposits. 
Examples of solid fuel cooking equipment are 
broilers, rotisseries, ovens, grills, barbeque pits, 
and tandoori charcoal pots. 
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years 2000-10, with data published by the U.S. Fire 
Administration’s National Fire Incident Reporting 
System and NFPA’s annual fire department expe-
rience survey, shows no significant advances in 
lowering the amount of causalities and property 
damage annually. In 2000-04, U.S. fire departments 
responded to 8,520 structure fires. In 2006-10, the 
number of fires declined to 7,640 structure fires. 
However, from 2000-2004, these fires caused an 
annual loss of three civilians, 113 civilian injuries, 
and $190 million in direct property damage; while 
the statistics stayed comparable in 2006-10, they 
caused an annual loss of two civilians, 115 civilian 
injuries, and $246 million in direct property dam-
age. Extrapolating the fire and injury data from 
these years shows no significant changes in reduc-
ing the number of fires and injuries in those 10 
years. 

These statistics should prompt the need for 
more attention to commercial cooking operations 
in eating and drinking establishments. A broader 
time-span, from 1980 and 2010, shows a major 
decrease in structure fires in eating and drinking 
establishments, from 23,000 fires in 1980 to 6,800 
fires reported in the 2000s, attributable to 30 years 
of technological advancement (Flynn 2007; Evarts 
2012).

The leading cause of fires from 2000-04 and 
2006-10 was cooking equipment, which accounts 
for 48% and 57% of fires, respectively. The 
top five causes of fires in eating and drinking 
establishments remained the same from 2000-10: 
cooking equipment, heating equipment, electrical, 
smoking material, and intentional (Flynn 2007; 
Evarts 2012).

6. Fire Risk from Solid Fuel Commercial 
Cooking  

Solid, organic, or consumable fuel such as bri-
quettes, mesquite, hardwood, and charcoal gener-
ate large quantities of combustion particles. These 
particles congest grease filters and emit the gritti-
est type of cooking emissions. Solid fuel cooking 
appliances produce a large amount of creosote, 
grease, ash, and smoke during combustion, which 
results in an increased fire risk, since the buildup 
is highly unstable and increases the temperature 
of the fire substantially (NYPD 2015). The creosote 
and grease-laden vapors can coat fire suppression 
systems and heat detectors, causing a delay or fail-
ure of the system to initiate. 

7. Creosote and Grease-Laden Vapors 
The main concerns in utilizing solid fuels in 

commercial cooking are the hazards associated 

with the buildup of creosote deposits and grease-
laden vapors. Solid fuel commercial cooking has 
a distinct hazard that creates a highly combustible 
tar-like substance when burned. Creosote is com-
posed of unburned wood particles and condensed 
flue gases produced by incomplete combustion of 
wood. 

Grease-laden vapors are a secondary concern 
for solid fuel commercial cooking appliances. 
According to NFPA 96, grease is any rendered 
animal fat, vegetable shortening, and other such 
oily matter used for the purposes of and resulting 
from cooking and/or preparing foods (NFPA 2014). 
These vapors develop when the temperature 
exceeds the grease’s vaporization point. The vapors 
rise and enter into the exhaust system, and when 
they cool, the grease condenses and settles inside 
the exhaust ducts.  

The primary hazard with creosote is the 
low flash point and auto-ignition temperature 
characteristics. The Agency for Toxic Substances 
and Disease Registry has determined the flash 
point of wood creosote to be 74° C or 165° F. With 
such a low flash point, any type of spark or flame 
that reaches the exhaust hood, filters, or duct 
could ignite the creosote, leading to a fire. During 
solid fuel cooking, flames and embers are always 
present, so ignition of a creosote buildup can 
occur at any time. The autoignition temperature of 
creosote is the same as paper, 451° F, since both 
made of wood. With the addition of grease, the 
fire can be easier to ignite and burn at a higher 
temperature, increasing the severity of the fire. The 
combination of grease and creosote increases the 
severity of the fire and can lead to dangerous fire 
conditions when ignited (Horton 2015).

Several conditions increase the amount of 
creosote buildup. An air supply that does not 
provide adequate flow to extract the creosote 
and a large temperature difference in the exhaust 
system increases the amount of creosote buildup. 
An insufficient air supply due to improper 
maintenance and cleaning allows the creosote 
to accumulate in the ducts. A large temperature 
difference causes the particles to cool, mix with 
water vapors, and form deposits on the inside of 
the exhaust ducts (Horton 2015).

Creosote and grease-laden vapors in solid fuel 
commercial cooking is a continually evolving 
matter. To mitigate these hazards in commercial 
cooking exhaust systems, a combination of proper 
design, installation, and maintenance of the 
exhaust systems, coupled with routine inspections 
and preventative maintenance, ensures the exhaust 
system is operating efficiently.  
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Chapter 14 of NFPA 96 is devoted solely to solid 
fuel cooking operations and the requirements 
to reduce the hazards associated with solid fuel 
cooking. Chapter 14 requirements include venting 
applications; location of appliances; hoods; 
exhaust; grease removal devices for solid fuels; 
air movement; fire-extinguishing equipment; 
procedures for inspection, cleaning, and 
maintenance; and minimum safety requirements 
(NFPA 2014).

8. Types of Solid Fuels 
Given the broad definition of solid fuels 

provided in NFPA 14, this study focused primarily 
on wood pellets, mesquite wood, and charcoal. 
The solid fuels manufacturing process is different 
for each fuel; therefore, studying these three fuels 
provides a broad range of information.  

 
8.1 Wood Pellets  

The pellet industry has been around since the 
1930s. In the wake of the energy crisis in 1970, the 
pellet industry grew substantially. In the last 15 
years, the North America pellet sector increased 
from 1.1 million metric tons in 2003 to 4.2 million 
in 2008 to well over 6 million metric tons in 2009. 
The use of wood pellets for energy is relatively new 
in North America, but with the increasing cost of 
fossil fuels and policies aiming to reduce carbon 
dioxide emissions, wood pellets could thrive in the 
future (Spelter and Toth 2009).   

Wood pellets are a clean burning, cost stable, 
and renewable fuel source, a biomass fuel consist-
ing mainly of recycled wood paste. Pellet fuel con-
verts to energy millions of tons of waste that would 
end up landfills. Pellet manufacturers use wood 
by-products, such as sawdust or wood shavings, 
cornstalks, residual forest waste, straw, and refine 
them into small cylindrical pieces that are uniform 
in density, shape, size, moisture, and energy con-
tent. Biomass fuel consistency and burn efficiency 
emits a fraction of emissions when compared to 
the particulate emissions of raw biomass. When 
comparing all solid fuel cooking appliances, pel-
let burners emit the lowest particulates emissions. 
United States and Canadian manufacturing facili-
ties supply wood pellets to North America (Pellet 
Fuels 2015).

Wood pellet production starts with a hammer 
milling process that takes all the wood content 
and shreds or crushes the aggregate material into 
smaller chunks. The material moisture content 
must be 12% to 17% to ensure the product can 
burn efficiently. The size of the particles are set to 

the manufacturers’ specifications and can be treated 
with steam conditioning to soften the lignin to facili-
tate shape consolidation during the extrusion process. 
Lignin is a polymer that acts as a binder and aids in 
achieving the desired pellet shape. Additional bind-
ing agents can minimize breakage and improve char-
acteristics of the wood pellets. An extruding process 
adds dyes and cuts the material to size as the strands 
emerge (Spelter and Toth 2009).   

The Pellet Fuel Institute sets standards for the fuel 
grade of wood pellets. Standards allow the industry to 
have guidelines to ensure they are clean burning and 
meet manufacturing requirements of the Pellet Fuel 
Institute. Wood pellets have four fuel grade divisions 
based on density, diameter, durability, inorganic ash, 
moisture percentage, and chloride emissions. 

Wood pellet cookers and grills are trending in the 
cooking industry according to the Hearth, Patio, and 
Barbecue Association. Pellet fuels are clean burning, 
generate minimal wood smoke, and have the lowest 
emissions of solid fuels. This makes them popular 
among areas with air quality issues (Hearth 2013). 
Wood pellets are versatile and allows chefs to barbecue, 
roast, grill, and smoke meets. Pellets come in a variety 
of flavors, which allows chefs to get the perfect flavor 
for the meat. Popular flavors consist of mesquite, 
hickory, maple, bourbon, and pecan. Grillers can add 
smoke bricks for additional flavor in their pellet grills 
(Sandridge 2014). 

Pellet grills work as convection ovens, allowing 
chefs to load the cook chamber with pellets and step 
away without fear of uneven cooking. The indirect 
heat cooks larger cuts of meats at lower temperatures 
to produce better flavors and maintain the moisture 
content. New technology in grills allows users to 
regulate the temperature with pinpoint accuracy. 
A thermostat in the chamber sends signals to the 
controller, which regulates the pellet delivery and the 
amount of oxygen to the area of combustion (Raichlen 
2015).

8.2 Mesquite 
Mesquite is a natural flavor enhancer when it comes 

to solid fuel commercial cooking. It adds a sweet, 
earthy, and smoky flavor to the meat. The wood is 
in chip and chunk form for even burning. Mesquite 
contributes its popularity due to effective marketing 
practices; it smells good, looks good, and does not 
rub off on hands (Thomas and Schuman 1993). In the 
United States, mesquite mainly grows in Texas and 
other small areas in the south. Mesquite must have a 
moisture content of 14% to 20% to ensure the odor 
and flavor is ideal for cooking meats (Thomas and 
Schuman 1993).
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8.3 Charcoal and Briquettes 
Charcoal is the solid carbon material residue re-

maining after burning raw carbon materials. It is 
a complex combination of hydrocarbons and car-
bon with formations depending on the tempera-
ture during the burning process. Raw carbon ma-
terial can consist of animal, mineral, or vegetable 
sources, but medium and dense hardwoods, such 
as birch, beech, maple, oak, and hickory, are the 
main commercial raw materials. Other common 
materials are softwoods (slash pine and long leaf), 
coal, nutshells, fruit pits, and paper mill residue 
(EPA 1978).   

Producing charcoal by the batch occurs either 
one stage at a time or continuously. Furnaces or 
kilns heat the raw materials and limit the amount 
of oxygen available to produce the amount of car-
bon specified. Charcoal manufacturing in the batch 
process uses covered pits or kilns to limit the oxy-
gen concentration. In the beginning of the process, 
a large amount of air enters the pits or kilns to en-
sure the heat level is sufficient to produce the rapid 
combustion for pyrolysis. Maintaining the burning 
zone is imperative to achieve the correct burning 
conditions to produce enough carbonization for 
the process. Continuous charcoal production uses 
multiple hearth furnaces stacked on top of one 
another; the material drops through the hearths 
holes as it burns until it reaches the floor. Water 
sprays cool the charcoal bits as they exit the fur-
nace (EPA 1978).

Briquettes are a compact fuel source consisting 
of coal dust, charcoal, or combustible biomass 
for use in commercial cooking and industrial 
applications (Raju et al. 2014). The protection of 
forestry resources are an international concern 
because forests are major absorbers of CO2. 
With an increase in consumption of wood fuels, 
controlling and reducing deforestation is a great 
concern. Briquettes can help with conserving 
forests by substituting charcoal for firewood (Japan 
2007).

Manufacture of coal briquettes start from ham-
mer milling charcoal to the size of approximately 
three millimeters to pass through a screen aperture 
to ensure size. To strengthen the charcoal, a bind-
er that is 10% by weight mixes and forms a 70% 
charcoal mixture. The addition of other materials 
can ensure faster burning or higher temperature if 
specified. The briquettes enter a press and into an 
oven to retain a 5% moisture content (EPA 1978).

9. Testing Methodology 
As a part of the undergraduate researchers’ in-

depth look at the solid fuel industry and related 

manufacturing regulations, the literature review sug-
gested the idea of testing the solid fuels to gain a bet-
ter understanding of how the fuels burn in controlled 
conditions. Understanding the behavior of solid fuels 
within specific parameters could potentially provide 
further analysis of the standard requirements and 
a deeper understanding of the code, standards, and 
regulations.   

The preliminary testing of the solid fuels utilized 
a cone calorimeter to provide real fire properties of 
materials under particular preset conditions. The 
test specimens are 100mm x 100mm and subjected 
to a selected heat flux. At the start of each test, the 
cone calorimeter collects a minimum of 60 seconds 
of pre-data, prior to inserting the test specimen. 
After collecting the pre-test data, the research team 
inserts the test specimen into the cone and subjects 
the specimen to a heat flux and an ignition source, a 
spark ignitor. The researcher monitors the specimen 
and notes in the system when ignition occurs and a 
flame is present. The test then runs until the flame 
extinguishes on its own. After flameout, the specimen 
remains in the cone calorimeter for an additional 120 
seconds for post-test data. 

For this particular testing, three different solid fu-
els were tested—wood chips, food grade wood pel-
lets, and charcoal briquettes—as these represent the 
spectrum of solid fuels used in the commercial cook-
ing industry. The research included testing each fuel 
three separate times to provide preliminary data on 
the burn characteristics and to determine future test-
ing and research needs, either individually or in con-
junction with commercial cooking equipment. All test 
specimens were subject to a 50 KW/m2 heat flux. The 
cone calorimeter provides one second time step data 
that monitors temperatures, oxygen, carbon monox-
ide, and carbon dioxide levels, and specimen mass. 

 
10. Results 

Testing determined that the best data to review was 
the comparison between the mass loss during burn-
ing over the test time (g/s). The researchers compared 
the starting specimen mass to the specimen mass at 
the time of flameout and the additional mass loss after 
flameout and the end of the test (time at flameout plus 
120 seconds). 

As shown in Tables 1 and 2, there is a difference in 
the mass loss rate during flaming combustion between 
the wood chips and wood pellets. The wood chips av-
eraged a loss rate of 86.5 mg/s while the wood pellets 
averaged 135.6 mg/s. Given the different manufactur-
ing processes between the two types of specimens 
(wood chips are raw and unprocessed, while wood 
pellets are processed with additives to create the pel-
lets), this could be a result of the process itself adding 
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to the mass loss rate. However, it may also have to 
do with the overall mass subject to the test itself. 
Wood pellets are heavier then wood chips. Further-
more, the surface area characteristics of each type 
of fuel also differ. 

Another interesting comparison between the 
wood chips and wood pellets is that the mass loss 
rates of the fuels smoldering only (occurred during 
the last 120 seconds of the test) were similar. Wood 
chips were at a rate of 8.4 mg/s and the wood pel-
lets were at a rate of 9.7 mg/s. Since the primary 
make up of both fuels is hard wood, this similarity 
in mass loss rate during smoldering seems appro-
priate. 

The charcoal briquettes provided almost no 
test data. During the three different test runs, only 
once did the charcoal briquettes ignite and provide 
a flame to monitor. However, during that one test, 
it had flaming combustion for only 21 seconds. In 
the other two tests, the charcoal briquettes never 
had a flaming ignition, although pyrolysis did oc-
cur. Additionally, during all three tests of the char-
coal briquettes the cone calorimeter recorded no 
loss in mass. Therefore, researchers could not 
complete a comparison of the mass loss rate to the 
other solid fuels.

 
11. Discussion 

Engineering technology students go on to work 
in a variety of industry. However, there is one com-

mon element that many of these undergraduates 
will apply in their daily lives, which is codes, stan-
dards, and regulations. Using these standards in 
the classroom, as well as part of undergraduate 
research projects, provides further experience for 
students to have a deep understanding of the ap-
plication and interpretation of  these codes, stan-
dards, and regulations.  A literature review of the 
solid fuel requirements for solid fuel cooking re-
veals the limited knowledge of both the commer-
cial cooking and regulation industry have on solid 
fuels and their impacts to the protection of life. 

Solid fuels increase the risk for potential fire 
hazards through the production of creosote 
and grease-laden vapors. However, there is an 
increase in popularity in commercial kitchens to 
utilize solid fuel appliances. NFPA 96 provides the 
requirements for kitchen exhaust hoods, including 
those kitchen appliances that burn solid fuel as the 
primary heat source.  

NFPA 96 defines solid cooking fuel as “any solid, 
organic, consumable, fuel such as briquettes, mes-
quite, hardwood, or charcoal” (NFPA 2014). This 
definition does not take into account the different 
manufacturing processes that several of these fuels 
utilize to obtain their final product. As the testing 
explained above illustrates, there is a difference in 
the mass loss rate between two of the fuels, wood 
chips, and wood pellets. Additionally, the third 
fuel tested could not sustain flaming combustion. 

Wood 
Chip 

Specimen

Starting 
Mass 

(g)

Mass 
Flameout 

(g)

Final 
Mass 

(g)

Mass loss 
Flaming 

(g)

Total Mass 
loss 
(g)

Mass loss to 
Smoldering 

only (g)

Time 
ignition 

(s)

Time 
flameout 

(s)

Time 
flaming 

(s)

Time 
total

 (s)

Mass loss rate 
flaming 

(g/s)

Mass loss rate 
smoldering only 

(g/s)

Mass loss 
rate total 

(g/s)

1 21.2 4.78 3.98 16.42 17.22 0.80 43 335 292 412 0.056233 0.006667 0.041796

2 17.2 2.70 1.39 14.50 15.81 1.31 25 152 127 247 0.114173 0.010917 0.064008

3 19.1 4.03 3.10 15.07 16.00 0.93 19 188 169 289 0.089172 0.007750 0.055363

AVERAGES: 0.086526 0.008444 0.053723

Wood 
Chip 

Specimen

Starting 
Mass 

(g)

Mass 
Flameout 

(g)

Final 
Mass 

(g)

Mass loss 
Flaming 

(g)

Total Mass 
loss 
(g)

Mass loss to 
Smoldering 

only (g)

Time 
ignition 

(s)

Time 
flameout 

(s)

Time 
flaming 

(s)

Time 
total

 (s)

Mass loss rate 
flaming 

(g/s)

Mass loss rate 
smoldering only 

(g/s)

Mass loss 
rate total 

(g/s)

1 47.7 7.80 6.61 39.90 41.09 1.19 47 528 481 601 0.082952 0.009917 0.068369

2 43.8 8.61 7.50 35.19 36.30 1.11 39 256 217 337 0.162166 0.009250 0.107715

3 45.9 9.01 7.80 36.89 38.10 1.21 46 274 228 348 0.161798 0.010083 0.109483

AVERAGES: 0.135639 0.009750 0.095189

Table 1. Wood chip testing.

Table 2. Wood chip testing.
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These preliminary results warrant further testing on 
both mass loss rates and soot production of each fuel, 
as the latter is key in understanding the creosote pro-
duction that is a part of solid fuel cooking. Full-scale 
testing, in conjunction with the small-scale cone calo-
rimeter, can provide the data needed for the NFPA 96 
requirements, whether those be additional or fewer 
restrictions for solid fuel commercial cooking. 
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1. Introduction 
Worldwide, the vast majority of energy is pro-

duced from fossil-based fuels resulting in the in-
crease of atmospheric carbon dioxide (Energy 
2017). The design of industrial products and 
processes requiring less energy will significantly 
impact the demand and production of fossil fuel-
based energy. Moreover, these fuels are finite, and 
someday the abundant supply fueling civilization 
will become scarce. Therefore, energy efficiency of 
products and processes are an important design 
consideration in engineering practices.  

Industries are looking for methods to reduce 
overall energy consumption and maximize 

sustainability of products and processes. 
Governments and legislative bodies are moving 
forward to mandate necessary changes in 
industrial practices to slow down depletion of 
energy resources and environmental impacts. 
Achieving these goals is a complex gradual 
process and requires a paradigm shift in product 
and process design. In academia, this awareness 
underscores the need for reforming curriculum so 
that graduates of are ready to lead these changes in 
practice. The National Science Foundation funds 
projects to update engineering curricula for the 
comprehensive teaching of energy. For example, an 
accelerated testing methodology (Liao and Zhang 
2011) project funded by NSF utilized a statistical 
method to determine the interrelationship between 
various stress loadings and total energy use in a 
mechanical system and establish a framework to 
facilitate the optimum experimental design and 
energy reduction process. The U.S. Department of 
Energy promotes best practices in energy efficiency, 
reusable energy, waste reduction, and productivity 
improvement through the integration of activities. 
While energy efficiency and conservation is a 
novel objective on its own merit, many consider 
this essential for long term sustainability of an 
industrial society (Foundation n.d.; Frosch 1999; 
Brezet and Van Hemel). 

Generally, engineering design classes in 
undergraduate programs follow a structured 
problem-solving approach to solve open-ended 
design problems. Besides achieving intended 
product functions and mechanical integrity of the 
product, additional analysis tools are utilized to 
achieve other design goals, typically referred to as 
design for X (Timkor, Haapala, and Kumar 2006). 
This may include a variety of design objectives 
to ensure long term sustainability of products 
and processes. Design for environment (DfE), or 
ecodesign (Glossary 2006; Holloway 1998), aims to 
reduce the environmental impact in the life cycle 
of a product by enhancing its design objectives. It 
may also aim to reduce resource consumption, in 
terms of material, energy, and pollution prevention. 

Experimental Analysis for Energy Efficient  
Product Design  
Alamgir A. Choudhury and Jorge Rodriguez 

Abstract
Due to growing demand for energy-effi-

cient products in the market, the investiga-
tion of energy usage in product lifecycles is 
becoming an important factor in the design 
process. Often, this problem is addressed by 
the analysis of energy efficiency of a product 
already designed and its subsequent design 
improvement. Consideration of energy ef-
ficiency at an earlier stage adds to the com-
plexity of the design process, but payoff may 
be significant in terms of market dominance. 
This paper presents the design of a manu-
ally powered hydraulic bicycle using energy 
efficiency as a primary design objective. In 
addition, it explains the development of a 
laboratory setup to test performance of the 
hydraulic system components, as well as an 
experimental analysis of component behav-
ior in a functional prototype of the hydrau-
lic system. The analysis result is used to select 
components for optimum performance of the 
system in its desired operational conditions. 
This methodology can be utilized to design 
similar systems where energy efficiency is a 
primary design objective. 
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Other concepts, such as design for disassembly 
(DfD) and design for recycling (DfR) practices 
(Gungor and Gupta 1999; Burke, Beiter, and Ishii 
1992; Iahii, Eubanks, and Di Marco 1994), also 
allow the product designer to have a substantial 
positive impact on the environmental aspects of a 
product’s lifecycle.   

This paper presents an approach to the use of 
energy efficiency in product design in junior- and 
senior-level curricula and capstone design projects. 
Because of the analytical complexity of the subject, 
an experimental method is utilized to improve 
the energy efficiency of the product in its normal 
operational conditions.  Though the methodology 
is developed for a typical capstone design project, 
its use can be beneficial for design of a mechanical 
system in general. 

2. Energy Efficiency in Design Process 
In a conventional capstone design project, a 

group of students typically are assigned a two- 
semester design project. They go through a step-
by-step process of problem definition, concept 
generation, design analysis, design specification, 
component selection and fabrication, prototype 
development, performance testing, and validation 
of the design process. In such a project, a student 
group is assigned to design a human-powered 
hydraulic system capable of transporting a single 
person. Without using any direct drive mechanism, 
the system should be able to transfer the rider’s 
power to the driving wheel through the use of a 
hydraulic system. The system should also be able 
to capture energy lost due to braking or downhill 
motion and store it for later use. 

In this type of project, after design analysis, 
students would select standard components 
available commercially and fabricate all 
nonstandard components. The system would be 
assembled and tested for its performance. The most 
challenging part of this design is to optimize the 
system’s energy efficiency. Analytical formulation 
of overall energy efficiency is complex and detailed 
analysis within the time frame of the design project 
is not expected from most undergraduate student 
groups. Instead, the behavior of a system can be 
tested in the laboratory and the result used to 
maximize energy efficiency of the final system.  The 
most important components in this design project 
are the hydraulic pumps and motors. Based on 
their performance requirement, all commercially 
available models are selected.  

Manufacturers of the components provide 
performance characteristics tested in their normal 
range of operating conditions. In this design project, 

however, components operate in a much broader 
range of operating conditions, and, therefore, their 
performance beyond normal conditions is essential 
for determining overall system efficiency. The 
design process incorporated development of this 
test process and performance testing of all major 
components as routine.  Meaningful analysis of the 
test data requires sophisticated measurement, data 
acquisition, and an analysis system in the laboratory. 
Therefore, a new laboratory is being developed to 
assist student groups with such experiments. 

3. Energy Efficiency Testing Laboratory 
A laboratory was developed to test performance 

of the prototype, a variety of system configurations, 
and a fluid power system in general. For a hands-
on study of the process and the designed system, 
students can assemble the components, create the 
desired application, and study its performance. 
The laboratory is composed of six modules. Using 
quick connect coupling and a flexible hose, these 
modules can be connected to create the system 
under investigation.  

3.1 Pump Module
This module has a permanent variable 

displacement pump to supply a fluid power 
system in general. The pump is driven by a 5 
HP electric motor and has its own control (ABB 
ACS 500) to vary flow rate, a pressure controller 
(Dennison R1E), and a relief valve. A 15- gallon 
reservoir supplies fluid to this pump and other 
module components. An additional  flexible pump 
mounting fixture allows the installation of other 
pumps in a test system. The whole module is 
mounted on a portable frame and quick connect 
couplings are used to integrate with other modules 
as necessary.   

3.2 Flow Module
This module creates flow circuit necessary for a 

specific system under consideration. It consists of 
a bank of stainless steel tubes in layers, which can 
be connected in series or parallel using two way 
direction control valves. Students would be able to 
create different types of flow circuit utilizing the 
tubes, hoses, and valves installed in the module. 

3.3 Actuation Module 
A hydraulic motors and cylinders required in a 

specific design project are installed in this module. 
The module has flexible mountings to allow for the 
installation of different hydraulic motor or cylinder. 
An electro-hydraulic loading device (ABB/Bonitron) 
applies a desired load on a hydraulic actuator. To 
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supplement the electro-hydraulic loading system, 
another gravity-based loading mechanism has been 
designed and added to this module. 

 
3.4 Conditioning Module 

Temperature is a neglected issue in most fluid 
power applications. To ensure the maintenance of 
physical properties and chemical stability, hydraulic 
fluid from the actuator is conditioned prior to the 
return to the reservoir, using a panel filtration unit, 
a heat exchanger and a heating unit. This allows 
for testing the performance of a hydraulic system 
in a desired operating temperature, irrespective of 
ambient temperature.  

3.5 Instrumentation Module 
This module has sensors, data acquisition, 

data processing, and a display and control 
instrumentation. A combined SCXI and PXI chassis 
based National Instrument hardware is utilized 
for this purpose. NI DAQ cards, such as NI PCI- 
7342, 6024E, GPIB ENET, NI CR10-9073, NI 9213, 
NI 9205, NI 9901, NI 9977, and other accessories 
collect all process data (pressure, temperature, 
flow, torque, force, and rpm) in either analog or 
digital form. DAQ modules will configure the 
sensors for their excitation and output signals. 
The system also allows sending appropriate signals 
to process actuators (valves, pump drive and 
temperature controller). The LabVIEW program 
integrates the process sensors with the analysis and 
control system. Additionally, MATLAB, Automation 
Studio, and other analysis tools are used for further 
study of process and component behavior based 
on acquired data.  

3.6 Control Module
This is an external module that uses mainly mi-

crocontrollers and programmable logic controllers 

(PLCs) in fluid power process. It replicates a hard-
ware-based control systems, as opposed to the soft-
ware-based controls included in the instrumentation 
module. It can be expanded to control other systems 
besides the fluid power modules, thus allowing for a 
wider range of possible projects.     

4. Experimental Analysis 
This section presents an experimental analysis 

for design of a human-powered hydraulic bicycle. 
The objective was to design a hydraulic system to 
minimize energy loss and optimize performance of 
the system in a series of competitive races, meeting 
specified performance criteria. This required the 
overall system to use the most energy efficient 
components available at the operating conditions 
of the races. In the system, efficiency of the 
hydraulic pumps and hydraulic motors were the 
most important factors. A test cell (Figure 1) was 
developed and performance data of the pumps and 
motors were acquired using a LabVIEW program. 
The data was imported in Excel for detailed 
analysis. 

 
5. Energy Efficiency Mapping  

In the design process, two sets of pumps 
and motors were selected and are identified 
as “Aerospace” and “H3” in all test results. The 
purpose of the test was to determine which pump 
and motor would operate at higher efficiency 
during the duration of the races. Based on the 
desired speed of the bike in race track, shaft rpm 
of pump and motor was determined as function of 
time. Table I shows the bike speed, corresponding 
track length, shaft rpm and its duration. The data 
are used to calculate speed factor at each pump 
and motor shaft speed as fraction of total race time.    

   Si =   
ti        (1)

Figure 1. Test cell for efficiency mapping of a hydraulic pump.

T
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Where,   
  Si = Speed factor 
         ti = Duration of speed  
  T= Duration of the race

Corresponding shaft speed is calculated based on 
wheel rpm and gear ratio. 

In the laboratory efficiency characteristics of 
the pumps and motors are mapped with respect 
to shaft rpm and pressure (Figures 2 and 3). An 
electric motor control system measures rotational 
speed and power, and pressure relief and flow 
control valves maintain appropriate pressure and 
flow. 

Using the efficiency maps of the pump and 
motor, an overall efficiency index is calculated for 
both sets of pump and motor. The efficiency index 
at each shaft speed is given by

                       E
i
 = S

i


i
         (2)

Where  
   Ei = Efficiency Index 
  i= Efficiency at pressure i  

Overall, the efficiency index is   E    Eij (3)  

Where i  and j are for each pressure and speed 
factor.

For overall calculation, speed and efficiency 
data were used to create a regression model of ef-
ficiency characteristics and calculate the efficiency 
index for any shaft speed and pressure in a specific 
design scenario. Based on this analysis, the highest 
efficiency index pump and motor were found to 
be 154.441 and 197.9571, for the Aerospace pump 
and motor respectively (Table 2 and 3). Therefore, 
they were chosen for the final design. In a later 
stage of the design, the efficiency index formula-
tion was modified introducing factors due to size, 
weight, and cost of pumps and motors. Because of 

Table 1. Speed factor.

Figure 2. Efficiency mapping of an axial piston pump.
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low cost, H3 pump and motor were more suitable 
in final component selection.  

6. Conclusion 
This paper has presented an experimental analy-

sis to design an energy efficient hydraulic transpor-
tation system that integrates gathering and analyz-
ing the experimental data with the design process. 
The result was better design and realization of de-
sign objectives. The methodology can be applied 
in achieving energy efficiency in design process in 
general.  
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professionals. Programs offered at nine locations in the Commonwealth of Pennsylvania. 

PENN STATE’s engineering technology program is 
among the largest engineering technology programs 
in the country. The program offers six baccalaureate 
degrees and four associate degrees at nine locations  
in Pennsylvania. 

Each Penn State campus works closely with regional 
industries to anticipate needs and trends in engineering 
technology. From the first year on, all technical courses 
have an intensive hands-on laboratory portion to 
emphasize industry-based applications. 

Our programs attract first-time students, returning 
students focused on advanced degrees, and industry 
professionals interested in learning new techniques  
and technologies.  

Design your future. Visit www.sedtapp.psu.edu today!

ASSOCIATE DEGREE PROGRAMS:
Biomedical Engineering Technology 
Offered at Penn State New Kensington

Electrical Engineering Technology 
Offered at Penn State Behrend; Fayette, The Eberly 
Campus; and York 

Mechanical Engineering Technology 
Offered at Penn State Behrend, DuBois, and York

Surveying Technology 
Offered at Penn State Wilkes-Barre 

BACCALAUREATE DEGREE PROGRAMS:
Electrical Engineering Technology 
Offered at Penn State Harrisburg and Wilkes-Barre

Electrical and Computer Engineering Technology 
Offered at Penn State Behrend

Electro-Mechanical Engineering Technology 
Offered at Penn State Altoona, Berks,  
New Kensington, and York

Mechanical Engineering Technology 
Offered at Penn State Behrend and Harrisburg

Plastics Engineering Technology 
Offered at Penn State Behrend

Structural Design and Construction  
Engineering Technology 
Offered at Penn State Harrisburg
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Siemens PLM Software: Industry solutions for smart innovation.

Siemens partners with AMIE to 
foster diversity and inclusion.

Realize innovation.

For the eighteenth year, Siemens has partnered with Advancing 
Minorities Interest in Engineering (AMIE) to foster diversity and 
inclusion in its Product Lifecycle Management business unit. 
We’re proud to continue such a valuable partnership, which has 
contributed greatly to cultivating an environment of inclusion, 
respect and diversity throughout our organization and among 
our customer community. 
siemens.com/plm

© 2015 Siemens Product Lifecycle Management Software Inc. Siemens and the Siemens logo are registered 
trademarks of Siemens AG. All other trademarks, registered trademarks or service marks belong to their 
respective holders.
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