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The efficiency of combined heat and power systems, which most commonly utilize natural gas reciprocating engines, is strongly
influenced by the performance of generation sets at part-load conditions. However, there is currently a lack of comprehensive
data on the part-load performance of generation sets, which can lead to model inaccuracies when evaluating combined heat and
power systems early in the design phase. The current work reviews recent manufacturer reports and several industry publications to
summarize the part-load thermal and electric performance of 67 natural gas spark ignition reciprocating engines from a wide variety
of manufacturers and nominal capacity ranges that are commonly used in combined heat and power applications. Comparisons
between linear and nonlinear performance curves for part-load heat-to-power ratios and electric heat rates demonstrated that, for
most cases, nonlinear Power Law functions more accurately characterize performance above 50% part-load. The data were also used
to develop a set of generalized nonlinear performance curves that extend below 50% part-load ratio that are intended for engineers

to use in evaluating combined heat and power systems when more detailed performance data is not available.

Introduction

Combined heat and power (CHP) systems can increase on-
site energy efficiency through the simultaneous production
of electricity and thermal energy. While a variety of heat
and power generation technologies and fuels are used in
cogeneration systems, natural gas reciprocating engines are
most prevalent in commercial building CHP applications
(EPA 2015). Two fundamental parameters govern generation
set efficiency: (1) the electric heat rate (EHR), and (2) the
heat-to-power ratio (HPR; Spiewak 1987). The EHR is the
ratio of fuel input per unit of electricity output. The HPR
is the ratio of useful thermal output to the electric output
power. Although knowledge of these parameters for genera-
tion sets across a wide range of part-load ratios is crucial for
accurate CHP system design and analysis, there is currently a
lack of comprehensive data on the part-load performance of
generation sets (Bianchi et al. 2014). In the absence of better
data, co-generation models often use linear approximations
to account for the part-load performance of generation sets
(Bianchi et al. 2014; Cho et al. 2009; Ghadimi et al. 2014;
Han et al. 2014; Kong et al. 2009; Marshman et al. 2010;
Milan et al. 2015; Savola and Keppo 2005).
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However, recent studies have shown that part-load EHRs
and HPRs for most generation sets are typically non-
linear (ASHRAE 2016; Bhatt 2001; Bush 2010; Cho 2009;
Hajabdollahi et al. 2015; Kazempoor et al. 2011; Sanaye et al.
2008; Santo 2012; Williams et al. 1998). Failing to account
for the nonlinear part-load performance of generation sets
can result in inaccurate predictions of CHP performance in
system models (Ashok and Banerjee 2003; Milan et al. 2015).
Further, when investigations have incorporated nonlinear
part-load performance curves (e.g., Hajabdollahi et al. 2015;
Sanaye et al. 2008; Santo 2012), they have typically relied
on older, often outdated, generation set performance data
such as those provided in the ASHRAE HVAC Systems
and Equipment Handbook (ASHRAE 2016). Moreover,
ASHRAE’s foremost comprehensive resource on cogener-
ation system design, the Combined Heat and Power Design
Guide (Sweetser et al. 2015), remains aligned with the same
outdated generation set performance data. Failing to account
for the part-load performance of newer generation sets can
also lead to inaccurate estimates of CHP system performance,
as the efficiency of natural gas reciprocating generation sets
has improved dramatically in recent years and is expected to
continue to improve with higher EHRs and HPRs (NREL
and GRI 2003).

Therefore, the objectives of this work are to (1) compile
existing part-load thermal and electric performance data
for natural gas type reciprocating engines used in CHP
applications; (2) compare the accuracy of linear and non-
linear performance curves for representing their part-load
performance; and (3) develop a set of updated generalized
nonlinear performance curves for others to use in evaluating
CHP systems. This work is intended to bridge the part-load
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Fig. 1. Nominal generation set capacity ranges and arithmetic means in each size range for a: heat-to-power ratio (HPR); and b:

electric heat rate (EHR).
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Fig. 2. Non-linear (Power Law) part-load regression fits for normalized heat-to-power ratios (HPR) for four distinct generation set
capacity ranges (GSCR). Data are limited to 50%—100% part-load ratios from Table 1.

Table 2. Linear regression results for normalized part-load generation set performance.

fix)=plx x+p2 95% Confidence bounds
Generation set parameter ~ Fit type Capacity range  R? pl p2 pl p2
Electric heat rate Linear <100 kW 0.086 —0.0001693 1.016 (—0.0004433,0.0001046) (0.9893, 1.042)
Electric heat rate Linear  100-800 kW 0.930 —0.02695 3.648 (—0.02966, —0.02424) (3.419, 3.877)
Electric heat rate Linear 800-1500 kW  0.862 —0.02316 3.244 (-0.02621, -0.02011) (2.987, 3.5)
Electric heat rate Linear  >1500 kw 0.923 —0.02204 3.15  (—0.02411,-0.01997) (2.978, 3.321)
Heat-to-power ratio Linear <100 kW 0.768 —0.001707  1.168 (—0.002172,-0.001243)  (1.124,1.213)
Heat-to-power ratio Linear  100-800 kW 0.775 —0.006979 1.688 (—0.008357,-0.005602)  (1.572, 1.804)
Heat-to-power ratio Linear  800-1500 kW  0.566 —0.005465 1.522 (—0.007107,-0.003823)  (1.384, 1.659)
Heat-to-power ratio Linear >1500 kW 0917 —0.00624 1.614 (—0.006858, -0.005622)  (1.563, 1.666)
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Table 3. Non-linear (Power Law) regression results for normalized part-load generation set performance.

fix)=a x x"b 95% Confidence bounds
Generation set parameter  Fit type  Capacity range R? a b a b
Electric heat rate Power <100 kW 0.138 1.075 —0.01599 (0.9787,1.171) (—0.03567, 0.003683)
Electric heat rate Power 100-800 kW 0969 339.8 —1.266 (222.2,457.3) (—1.35,-1.183)
Electric heat rate Power 800-1,500 kW 0904 1856 —1.137 (95.25, 275.9) (—1.252,-1.021)
Electric heat rate Power >1,500 kw 0978 172.3 —1.122 (133.5, 211.1) (—1.176,-1.068)
Heat-to-power ratio Power <100 kW 0.841 1.804 —0.1286 (1.586, 2.023) (—0.1553,-0.102)
Heat-to-power ratio Power 100-800 kW 0.795 7.716  —0.4444 (5.056, 10.38) (—0.5245,-0.3642)
Heat-to-power ratio Power 800-1500 kW 0.301 5.318 —0.3668 (3.043, 7.592) (—0.4658, -0.2679)
Heat-to-power ratio Power >1500 kW 0933 6.265 —0.3989 (5.34,7.189) (—0.4332,-0.3647)

performance gap between technical data from manufacturers
and industry publications to better inform generation set
design sizing and operational mode selection.

Data collection and analysis

Performance data for various makes and models of lean
burn natural gas spark ignition reciprocating engines from
manufacturer reports and several industry publications were
reviewed to assess the relationship between part-load capacity
of generation set coincident to fuel consumption, net electric-
ity generation, and useful recovered heat. Most of the per-
formance data were culled from manufacturer reports, which
rate engine capacities according to ISO Standard 3046-1
Reciprocating Internal Combustion Engine Performance. 1SO

3 GSCR <100 kW

Normalized Generation Set EHR

S0 55 60 65 70 75 80 8 90 95 100
Generation Set Part-Load Power Qutput (%)
3. GSCR 800-1500 kW
25

i
1.5}

Normalized Generation Set EHR

9 95 100
Generation Set Part-Load Power Output (%)

50 55 60 65 70 75 80 85

3046-1 uses standard reference conditions to quantify the
performance and availability for continuous and part-load
operation, typically between 50% and 100% of nominal
capacity (International Organization for Standardization
2002). Data from natural gas type spark ignition recipro-
cating engines with rated capacities ranging from 35 kW to
10 MW were screened as the typical range of commercially
available generation sets for a wide range of CHP applica-
tions ranging from individual buildings to entire campuses of
mixed building typologies.

The electrical output power, HPR, and EHR performance
characteristics were selected as essential parameters to define
CHP performance over a range of loads. Both linear and
nonlinear regressions were applied to the resulting part-load
performance data using the Curve Fitting Toolbox™ in

3 GSCR 100-800 kW

Normalized Generation Set EHR

S0 55 60 65 70 75 80 85 90 95 100
Generation Set Part-Load Power Output (%)

GSCR =1500 kW

Normalized Generation Set EHR

50 55 60 65 70 75 80 85 90 95 100
Generation Set Part-Load Power Output (%)

Fig. 3. Non-linear (Power Law) part-load regression fits for normalized electric heat rate (EHR) for four distinct generation set
capacity ranges (GSCR). Data are limited to 50%—-100% part-load ratios from Table 1.
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Fig. 4. Performance curves normalized by generation set capacity range (GSCR): a: heat-to-power ratio (HPR) and b: electric heat
rate (EHR). Performance curve projections are extended to 10% of the full-load generation set output rating.

MATLAB (MathWorks R2015a). Regressions were first
fit only for part-load ratios ranging from 50% to 100%.
Coefficients of determination (R?) were used to evaluate
regression fit and 95% confidence intervals were used to
assess model uncertainty. Then backward regression forecast-
ing was applied to estimate performance below 50% of the
generation set full-load power output for which there were no
manufacturer-reported data.

Next, while it is understood that performance is unique to
the specific make and model of a generation set, general per-
formance characteristics aggregated over a large amount of
performance data can also be used for more generalized anal-
yses. Therefore, the resulting data set was also used to develop
generalized performance curves that reasonably represent the
part-load dependence of the HPR and EHR for the range of
natural gas reciprocating generation sets identified herein. In
generalizing these data, the authors purposefully focused on
data above 50% part-load to reflect knowledge from available
ISO 3046-1 performance data (for which the authors have
more confidence), but also project below 50% part-load to
demonstrate the potential uncertainty introduced by limiting
part-load performance data to 50% and above (for which the
authors have less confidence).

Results and discussion

Generation set performance data were obtained for a total
of 67 natural gas spark ignition reciprocating engines from
a wide variety of manufacturers (Table 1). The natural gas
type reciprocating engines are representative of published
nominal and part-load performance data available since
2007. Generally, as the nominal electric power generation
capacity of a generation set increases, both the HPR and
EHR decrease. Therefore, the generation sets in Table 1 were
divided into four distinct nominal generation set capacity
ranges (GSCRs): <100 kW, 100-800 kW, 800-1500 kW,
and >1500 kW (Figure 1). These four GSCRs were found
by iteratively grouping the generation set performance data
by nominal output power until there were no significant
linear correlations between the HPR and the nominal electric
generation capacity in each bin (i.e., R> < 0.1). These GSCRs
are in general agreement with similar efforts to generalize
reciprocating engine prime movers for cogeneration screening
analysis (Orlando 1996).

Figures 2 and 3 show nonlinear (Power Law) curve fits
through the resulting 50%-100% part-load HPR and EHR
data, respectively, for each of the four defined GSCRs.

a) by
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Fig. 5. Proposed generalized generation set part-load performance curves for cogeneration applications: a: heat-to-power ratio (HPR)

and b: electric heat rate (EHR).
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Table 4. Proposed generalized generation set part-load performance functions and capacity coefficients for heat-to-power ratio and

electric heat rate.

fix)y=cxaxx"b

Generation set parameter Fit type Capacity range a b C
Electric heat rate Power 100-800 kW 227.9 —1.182 11,000
Electric heat rate Power 800-1500 kW 227.9 —1.182 10,000
Electric heat rate Power >1500 kw 227.9 —1.182 9000
Heat-to-power ratio Power 100-800 kW 6.399 —0.4048 1.60
Heat-to-power ratio Power 800-1500 kW 6.399 —0.4048 1.20
Heat-to-power ratio Power >1500 kW 6.399 —0.4048 0.90

Dashed lines represent 95% confidence intervals based on the
regression outputs. The HPR and EHR data are normalized
by the nominal output capacity of each unit. Only nonlinear
curve fits are shown because they generally resulted in better
fits than linear regressions (see Tables 2 and 3).

Figure 4 shows these same Power Law curve fits applied
to the four ranges of GSCRs for both normalized HPR
and EHR, extended below 50% part-load ratio. With the
exception of generation sets with rated power capacities
below 100 kW, the curve fits in Figure 4 support the use of
a characteristic long-tailed power distribution at part-load,
which is consistent with ASHRAE and other references
(e.g., Bush 2010; Cho 2009). While the extrapolations below
50% part-load ratio in Figure 4 must be interpreted with
considerable uncertainty, they align reasonably well with the
very limited data on sub-50% part-load ratio performance
from other studies (ASHRAE 2016; Bhatt 2001; Bush 2010;
Williams et al. 1998).

Given the similarity of the curve fits for all GSCRs above
100 kW, Figure 5 shows proposed generalized part-load
Power Law performance functions for natural gas generation
sets above 100 kW nominal capacity. Table 4 summarizes
the same proposed generalized performance functions and
capacity coefficients for both HPR and EHR. The derived
capacity coefficients are applied to the Power Law expression
as a constant, ¢, to account for the nominal generation set
output power displacement. These generalized curves can be
used to characterize part-load performance of generation sets
above 100 kW in nominal capacity with reasonable accuracy
when more detailed information is not available.

Conclusion

This work demonstrates that nonlinear power-law regressions
for both the HPR and EHR of a large number of natural
gas reciprocating engines available for use in CHP applica-
tions are typically more accurate than a linear assumption,
even with limited part-load performance data and high
uncertainty below 50% of the nominal power output. Given
some of the data limitations demonstrated here and the
importance of accurately characterizing part-load perfor-
mance for CHP applications, more research should focus
on understanding the sensitivity of part-load performance

of generation sets below 50% and above minimum turn-
down constraints. Until then, the proposed generalized
part-load performance curves can be used to improve deci-
sion making and accuracy early in the design phase when
detailed or specific performance data are limited or not
available.
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