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Analysis based on
stated data from CHP
FCS manufacturer.

PNNL is assessing the engineering economic, 
and environmental performance of CHP FCSs.
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Analysis based on measured data
from CHP FCSs installed in buildings.



This project is objectively assessing CHP FCSs 
installed in commercial buildings.

Summary

PNNL is independently assessing CHP FCS engineering, 
economic, and environmental performance.
The fuel cell manufacturer and commercial partners have 
been down-selected. A contract was issued in May FY11.
38 CHP FCSs have begun to be deployed and operational 
at 10 sites in California and Oregon in Q1 FY12.
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at 10 sites in California and Oregon in Q1 FY12.
PNNL has initiated data collection and analysis in FY12.
PNNL has begun to compare stated manufacturer 
performance data against measured data from field 
installations that are continuously monitored.  
PNNL has begun to benchmark data against current DOE 
FCT Program technical targets so as to inform development
of new ones.



Project deploys ClearEdge 
Power’s CE5 CHP FCS.

Fuel Cell Type
High temperature proton exchange 
membrane fuel cell

Fuel Cell Membrane
Polybenzimidazole (PBI)-based 

Approach
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Fuel Cell Membrane
Polybenzimidazole (PBI)-based 
membrane

Operating Temperature 160ºC

FCS Fuel Natural gas

Electrical Output 5 kW

Electrical Efficiency 40% (lower heating value)

Heat Recovery Efficiency 50% (lower heating value)

Heat Stream Temperature up to 65ºC

FCS is internet connected and continuously transmitting 
performance data.  Data shown here from CE website.



FCS company provides all FCSs.  Commercial 
entities and communities host installation sites.

Partner Sector
Number of FCSs

PNNL Cost Share [$]
Cost 

Share [%]

FCS Manufacturer Industry 38 $1,119k 36%

Plant Nursery Commercial 3 $83k 41%

College Local Gov. 2 $83k 45%

Grocery Store  #1 Commercial 5 $158k 40%

Recreation Commercial 5 $150k 41%

Approach
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Recreation Commercial 5 $150k 41%

Medical Center Commercial 5 $167k 42%

Laundry Commercial 5 $163k 42%

Dealership Commercial 3 $84k 42%

Elementary School Local Gov. 4 $116k 32%

Grocery Store #2 Commercial 5 $158k 40%

Juvenile Shelter Local Gov. 1 $25k 39%

Collaborators include organizations operating retail, education, 
food provision, recreation, medical, and community buildings.



PNNL is remotely monitoring key parameters 
every second, for five years, including 

Instantaneous and cumulative power generation
FCS voltage at the inverter
Exported FCS current
Heating and Cooling temperatures of water
Heat exchanger cooling fan speeds
Fuel inlet flow rate and cumulative fuel use

Approach

Fuel inlet flow rate and cumulative fuel use
Exhaust temperature
Heat generation rate and cumulative heat generated
Cumulative system time on load
System availability
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Analysis based on
stated data from CHP150%

200%

250%

300%

350%

400%

P
er

ce
nt

ag
e 

of
 B

ui
ld

in
g 

H
ea

t D
em

an
d 

S
up

pl
ie

d 
by

 F
C

S
s

Maximum Building 
Demand

Average Building 
Demand

Minimum Building 

7

stated data from CHP
FCS manufacturer.
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Total project costs ( C) include capital costs, fuel, 
installation, added equipment, decommissioning, 
and sales tax over five years.

Approach

FCS Unit 
Capital Cost

55%Additional 
Equip. Costs 

Decomission 
Costs per Unit

3%

Sales Tax per 
Unit
2%

Average Fuel Cell System Costs
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·

Total Fuel 
Costs per Unit

17%

Installation 
Costs per Unit

16%

Equip. Costs 
per Unit

7%



The average marginal cost of power is used to 
analyze the economic performance of the FCSs 
and describes the  cost per unit of installed 
power capacity.

E
PW W

C
c �=,

C
c =

Definitions: cW,P is the average
marginal cost of electrical power, cQ,P
is the average marginal cost of heat
recovery power, cP is the average

Approach
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recovery power, cP is the average
marginal cost of electrical and heat
recovery power, C is the total project
cost, � E is the electrical power output,
and Q is the heat recovery power
output.

The average marginal cost of power calculates the total CHP FCS 
project cost for each unit of electrical and/or heat recovery power. 

·



Applying a management accounting approach, 
the per unit cost of power is the same for heat 
and for electricity.  
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This value is equal to the per unit cost applying the average 
marginal cost approach.  A parallel analysis can be shown 
for energy.



The average marginal cost of energy quantifies 
the cost per unit of installed electrical and/or 
heat recovery energy capacity.

Definitions: cW,E is the average
marginal cost of electrical energy, cQ,E
is the average marginal cost of heat
recovery energy, cE is the average

opE
EW tW

C
c �=,

EQ
tQ

C
c �=,

Approach
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recovery energy, cE is the average
marginal cost of electrical and heat
recovery energy, and top is the amount
of time that the CHPS FCS is
operational (this analysis assumes a
90% availability.)

The average marginal cost of energy is a metric used by utility 
companies and allows for direct comparisons between CHP 
FCSs and energy from conventional utilities.
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Environmental performance can be quantified 
by calculating the GHG mitigation cost.

The CO2equivalent is the mass of carbon dioxide (CO2) that would
have an equivalent warming effect as a mixture of CO2,
methane (CH4), and nitrous oxide (N2O).

ONCHCOequivalent mmmCO
242

296232 ++=

In this equation m is the mass of each species, and 23 and 296

Approach
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The GHG mitigation cost is an estimate of the cost associated
with offsetting the adverse effects caused by global climate
change. The United Nations’ Intergovernmental Panel on Climate
Change conducts analyses for a range between $20/metric tonne
and $100/metric tonne of CO2equivalent .

In this equation mi is the mass of each species, and 23 and 296
are the global warming potentials (GWP), which are estimates
of the relative global warming contribution of a unit of GHG
emission compared to the emission of a unit mass of CO2.



Air pollution emissions can be quantified by 
calculating the human health cost that 
directly results from air pollution.

Species
Human Health Cost1,2

[$/metric tonne]

The human health costs associated with air pollution account for
the costs incurred by society as a result of a decrease in
productivity and additional medical services that are directly
caused by air pollution.

Approach
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Species
[$/metric tonne]

Carbon Monoxide (CO) 114

Nitrogen Oxide (NOx) 21,100

Particulate Matter-2.5 (PM2.5) 203,000

Particulate Matter-2.5-to-10 (PM2.5-10) 22,500

Sulfur Oxide (SOx) 83,300

Volatile Organic Compound (VOC) 1,460

1 D.R. McCubbin and M.A. Delucchi, “The Health Costs of Motor-Vehicle-Related Air Pollution,” Journal of 
Transport Economics and Policy, 33 (3), pp. 253 – 286, 1999.

2 M.Z. Jacobson, W.G. Colella, and D.M. Golden, “Air pollution and health effects of switching to hydrogen fuel 
cell and hybrid vehicles, Science,” 308: 1901, 2005.



Life cycle assessment (LCA) approach 
discussed in detail in Fuel Cell Fundamentals

Approach

This book is the first engineering textbook on fuel cells, an d includes
solved problems and a solutions guide. The authors were Stan ford
researchers. The target audience is engineering students, senior
undergraduates or graduate students.



Installation sites have been down-selected such 
that electricity supplied by the FCSs is expected 
not to exceed electricity building demands.

Results
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Excess electricity can be sold back to the utility for a credit 
because FCSs will be grid-connected with net metering.
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Installation sites have been down-selected such 
that FCS recoverable heat is consumed by 
building heat demand in most instances.

Results
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In a few cases, FCS heat supply is above minimum building heat 
demand, but primarily at southern installation locations during the 
summer.  CHP FCSs with a high heat utilization are more 
economical and more environmentally benign.
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The average marginal cost per unit of installed 
electrical power capacity is high.

Results
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All costs are applied to electricity, and not heat. About 1/3rd of 
project costs are generally covered by PNNL, our industrial 
partners, and combined state and federal tax incentives. 
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The average marginal cost per unit of electrical 
and heat recovery power is lower, and shows 
CHP as more competitive.

Results
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Costs are applied to both electricity and heat. 



FCSs have a higher combined capital and 
installation cost per unit of installed capacity 
compared to gas turbines.*

Results
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* A caveat to this plot is that power plants of equal size are not being compared: 
megawatt size for turbines vs. kW size for fuel cells.  Also, the added 
transmission and distribution costs for the centralized turbine are not 
included.  Also, fuel cell cost ($/kWe) is expected to decrease with 
greater mass-production, as installed capacity increases.

$0

$1,000

$2,000

$3,000

C
ap

ita
l a

nd
 In

st
al

la
tio

n 
C

os
t 

pe
r 

U
ni

t o
f I

ns
ta

lle
d 

E
le

ct
ric

al
 

an
d 

H
ea

t R
ec

ov
er

y 
P

ow
er

 
[$

/k
W

]



The average marginal cost per unit of installed 
electrical energy is high.  This parameter does 
not consider the value of the heat output.

Results
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When only electrical energy is considered, the cost per unit of 
energy is very high for the CHP FCSs.  Again, this is a result of 
the costs only being associated with electricity, and not heat.
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The average marginal cost per unit of combined 
electrical and heat recovery energy is a valuable 
parameter for cost comparisons.

Results
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Both state and federal incentives are needed to make FCSs 
approach being cost competitive with California electricity prices.

Note:
CA �  California, USA
OR �  Oregon, USA
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Analysis based on measured data
from CHP FCSs installed in buildings.
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from CHP FCSs installed in buildings.



Manufacturer-stated data is compared with 
measured data for two CHP FCSs at Portland 
Community College in Hillsboro, Oregon

Measured Data: 
Unit 129

Measured Data:
Unit 130

Manufacturer-
Stated Data

Average net electric 
power output [kWe]

4.798 kWe
SD 0.09

4.803 kWe
SD 0.09

5 kWe

Average net heat 
recovery for external 

5.439 kWth 5.444 kWth 5.5 kWe

Results
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recovery for external 
heating [kWth]*

5.439 kWth
SD 0.09 

5.444 kWth
SD 0.10 

5.5 kWe

Average net system 
electrical efficiency

35.4% 35.3% 36%

Average net heat 
recovery efficiency*

40.2% 39.9% 40%

* Net heat recovery data are calculated values, derived from real-time 
measured values.
Data is for ~ 10 days in October 2011. 
SD = Standard deviation. 



CHP FCSs produce between 4.6 and 5 kWe of 
net electricity over time (measured values). 

Results
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Red dotted line at 5 kWe represents manufacturer-stated value.  
Solid blue line represents average of measured values.



FCSs are estimated to recover 5.3 to 5.6 kW th of
heat for the building at a maximum* over time.

Results
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* Net heat recovery data are calculated values, derived from real-time 
measured values.  Data represent maximum recoverable heat.  
Red dotted line at 5.5 kWth represents manufacturer-stated value.   
Solid blue line represents average of derived values.



Net system electricity efficiency is between 33% 
and 36%.

Results
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Values are based on higher heating value (HHV). Red dotted 
line at 36% represents manufacturer-stated value.  Solid blue
line represents average of measured values.



Net system heat recovery efficiency is between 
38% and 42%.

Results
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Data is based on a calculated value for the heat recovered, based 
on HHV.  Red dotted line at 40% is manufacturer-stated value.  
Solid blue line is average of measured values.



Overall net system efficiency (net electrical + 
net heat recovery efficiency) is 72% to 78%.

Results
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Data is based on a calculated value for the heat recovered, based 
on HHV.  Red dotted line at 76% is manufacturer-stated value.  
Solid blue line is average of measured values.



Actual heat recovered depends on the heat
supply temperature from the CHP FCSs. This
temperature varies between 43ºC and 47ºC.

Results
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Green dotted line at 65ºC is manufacturer-stated maximum 
value.  Solid blue line is average of measured values.



Future work focuses on analyzing heat supply
vs. demand over time, and the business case.

Future Work

Instrumentation is in process for more accurate measurement of 
heat supply (quantity and temperature) from the CHP FCS
electricity and heat demand from the building over time

Analysis of the match between heat supply and demand over time
Continued data monitoring and analysis
Modeling the business case for micro-CHP FCS

Strategy viii - EX, C, H - w/ COP 1
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Strategy viii - EX, C, H - w/ COP 1
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Comments/Suggestions

Discussion is encouraged on the technical areas that 
should be addressed through the project’s analysis.

Additional analyses of benefit to engineering, 
environmental, and business communities.

Comments and suggestions are welcome.Comments and suggestions are welcome.
Email: whitney.colella@pnnl.gov
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Thank you!



Supporting Slides
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