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About this report:

The greenhouse gas (GHG) emission intensity characteristics of electricity generated by the US
pulp and paper sector are presented in this report. The US pulp and paper sector generates
95% of its on-site electricity via combined heat and power (CHP). CHP systems, sometimes
referred to as cogeneration units, generate both steam and electricity; therefore, it is necessary
to allocate GHG emission impacts, as well as avoided emissions, from this sector via GHG
allocation approaches. In this report, all major GHG allocation approaches are reviewed and
applied to the US pulp and paper sector to generate allocation fractions for heat and electricity.
Fenceline (only considering emissions generated or released by the facility) GHG emission
intensities for the US pulp and paper sector, excluding consideration of avoided emissions,
ranged from 82 to 316 g CO,e/kWh, depending on the allocation approach used. Incorporating
consideration of avoided life cycle GHG emissions from biomass utilization for energy
generation within the US pulp and paper sector results in large negative emission intensities for
industry-generated electricity. When incorporating avoided emissions and considering GHG
allocation approaches to allocate avoided emissions to steam and electricity generation, life
cycle GHG emission intensities from industry-generated electricity range from (709) to (2814) g
CO,e/kWh for electricity derived from spent liquor solids and range from (482) to (1812) g
CO,e/kWh for electricity derived from all other biomass sources®. The functions of the kraft
recovery system that utilize black liquor, a by-product of the kraft pulping process, not only
generate energy but recover pulping chemicals and manage black liquor solids and thus confer
additional avoided GHG emissions when alternative use scenarios are considered compared to
other biomass sources. Even when a portion of the electricity used in a pulp and paper mill is
derived from supplemental fossil fuels, as is typical for the US pulp and paper sector, the large
negative (i.e., avoided) emissions from utilizing biomass residuals more than offset the life cycle
GHG emission amounts from use of fossil fuels, resulting in negative emissions for industry-
generated electricity.

About NCASI:

NCASI (National Council for Air and Stream Improvement, Inc.) is a non-profit environmental
research organization that seeks to create credible scientific information to address the
environmental information needs of the forest products industry in North America. NCASI
conducts surveys, performs field measurements, undertakes scientific research, and sponsors
research by universities and others to document the environmental performance of industry
facility operations and forest management, and to gain insight into opportunities for further
improvement in meeting sustainability goals.

! Note that the use of parentheses in this report indicates negative emissions (i.e., avoided emissions).
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AVOIDED GREENHOUSE GAS EMISSIONS FROM US PULP AND PAPER INDUSTRY
BIOMASS-DERIVED ELECTRICITY

EXECUTIVE SUMMARY

Although the US pulp and paper sector is the largest contributor to biomass-derived electricity
in the US, no life cycle study on the greenhouse gas (GHG) emission characteristics of biomass-
derived electricity has been conducted for the sector. The US pulp and paper sector generates
95% of its on-site electricity needs via combined heat and power (CHP). CHP systems,
sometimes referred to as cogeneration units, generate both steam and electricity; therefore, it
is necessary to allocate the GHG emission impacts, as well as avoided emissions, from this
sector via GHG allocation approaches. In this report, all major GHG allocation approaches are
reviewed and applied to the US pulp and paper sector to generate allocation fractions for heat
and electricity. Fenceline (only considering emissions generated or released by the facility) GHG
emission intensities for the US pulp and paper sector, excluding consideration of avoided
emissions, ranged from 82 to 316 g CO,e/kWh, depending on the allocation approach used. In a
series of studies on the GHG benefits of biomass energy consumption in the US forest products
sector, National Council for Air and Stream Improvement, Inc. (NCASI) provided information on
the avoided life cycle GHG emission savings from biomass utilization for energy generation in
the sector (NCASI 2011; Gaudreault et al. 2012; NCASI 2013 (revised 2014); NCASI 2017).
Incorporating avoided emissions and considering GHG allocation approaches to allocate
avoided emissions to steam and electricity generation, life cycle GHG emission intensities from
industry-generated electricity range from (709) to (2814) g CO,e/kWh for electricity derived
from spent liquor solids and range from (482) to (1812) g CO,e/kWh for electricity derived from
all other biomass sources. The functions of the kraft recovery system that utilize black liquor, a
by-product of the kraft pulping process, not only generate energy but recover pulping
chemicals and manage black liquor solids and thus confer additional avoided GHG emissions
when alternative use scenarios are considered compared to other biomass sources. Even when
a portion of the on-site electricity generation at a pulp and paper mill is derived from
supplemental fossil fuels, as is typical for the US pulp and paper sector, the large negative (i.e.,
avoided) emissions from utilizing biomass residuals more than offset the life cycle GHG
emission amounts from the use of fossil fuels, resulting in negative emissions for industry-
generated electricity.

KEYWORDS

greenhouse gas emissions, avoided greenhouse gas emissions, pulp and paper, electricity
generation, biomass
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AVOIDED GREENHOUSE GAS EMISSIONS FROM US PULP
AND PAPER INDUSTRY BIOMASS-DERIVED ELECTRICITY

1.0 Introduction

In 2018, 4.181 trillion kWh of electricity was generated in the United. States?. Of this amount, 0.7068
trillion kWh of electricity, or 17% of total generation, was generated from renewable sources. Of the
17% of total generation from renewables, biomass-based electricity generation represented 61.83
billion kWh of electricity generation, or 2% of total generation (Figure 1). The US Environmental
Protection Agency’s (EPA) emission and generation resource integrated database (eGRID)? is a
comprehensive source of data on electricity generation in the US. eGRID classifies electricity generation
from hydro, biomass, wind, solar, and geothermal energy sources as renewable electricity generation.

All Other
Renewables:

" 0.64 trillion

kWh, 15%

\ Biomass: 0.06

trillion kWh, 2%

Non-
renewables:

3.47 trillion ™

kWh, 83%

Figure 1. Electricity Derived from Renewables and Non-renewable Energy Sources in the US in 2018

In 2018, biomass-derived electricity represented 8.7% of total generation from renewable sources.
Biomass-derived electricity from the US pulp and paper sector represented nearly half of the electricity
generated nationally from biomass energy sources and was 30.79 billion kWh in 2018 (Figure 2)*.

2 US Energy Information Administration (EIA) Electricity Overview.
https://www.eia.gov/totalenergy/data/monthly/pdf/sec7 3.pdf

3 US EPA Emission & Generation Resource Integrated Database (eGRID). https://www.epa.gov/egrid
4 US EIA MECS. "Table 11.3 Electricity: Components of Onsite Generation, 2018."
https://www.eia.gov/consumption/manufacturing/data/2018/pdf/Table11 3.pdf
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Figure 2. Electricity Derived from Renewable Energy Sources in the US in 2018

Although the US pulp and paper sector is the largest contributor to biomass-derived electricity in the US,
no comprehensive study on the greenhouse gas (GHG) emission characteristics of biomass-derived
electricity has been conducted for the sector. Previous work on characterizing life cycle GHG emissions
of bio-based electricity has been for systems designed for the exclusive generation of electricity.
(Reviews of the state of the exclusive generation of bio-based electricity can be found in EPRI (2013);
NCASI (2014); and NREL (2021).) The pulp and paper sector generates steam and electricity,
predominately through efficient combined heat and power (CHP) systems, and therefore, GHG burdens
and avoided emissions must be allocated between the steam and electricity co-products. The goal of
this white paper is to quantify life cycle GHG emissions from industry-generated electricity, including
avoided emissions, from the use of biomass residual fuels. The GHG characteristics of pulp and paper
mill electricity generation when on-site use of fossil fuels supplements a portion of the heat and power
needs at the mill, which is a typical scenario at US pulp and paper facilities, is also estimated.

2.0 Summary

The US pulp and paper sector generated 95% of its total on-site generation of electricity via CHP in 2018.
Because CHP systems generate steam and electricity, it is necessary to allocate the GHG emission
impacts, as well as avoided emissions, via GHG allocation approaches. An overview of the most
prominent allocation approaches applied to the pulp and paper sector is provided in Appendix A.
Fenceline GHG emission intensities (i.e., only considering emissions generated or released by the facility)
for the US pulp and paper sector, excluding consideration of avoided emissions, ranged from 82 to316 g
CO,e/kWh, depending on the allocation approach used. In a series of studies on the GHG benefits of
biomass-derived energy consumption in the US forest products industry, National Council for Air and
Stream Improvement, Inc. (NCASI) provided information on the avoided life cycle GHG emissions from
biomass utilization for energy generation in the sector (NCASI 2011; Gaudreault et al. 2012; NCASI 2013
(revised 2014); NCASI 2017). Incorporating avoided emissions and using a spectrum of major GHG
allocation approaches to allocate avoided emissions to steam and electricity generation, life cycle GHG
emission intensities from industry-generated electricity range from (709) to (2814) g CO,e/kWh for
electricity derived from spent liquor solids and from (482) to (1812) g CO,e/kWh for electricity derived
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from all other biomass sources®, depending on the allocation approach used. Even when a portion of the
electricity used in a pulp and paper mill is derived from supplemental fossil fuels, as is typical for the US
pulp and paper sector, negative emissions for industry-generated electricity are calculated because the
large negative (i.e., avoided) emissions from utilizing biomass residuals more than offset the life cycle
GHG emission amounts from using fossil fuels.

3.0 Previous Studies

Life cycle GHG emission intensity for stand-alone biomass-derived electricity generation, excluding
consideration of avoided emissions, ranges from 15 to 130 g CO,e/kWh from previous work and from
several meta-analyses (compilations of life cycle assessment studies).

Table 1. Life Cycle Emission Factors for Electricity Generation from Previous Studies or Meta-analyses

Emission Intensity Emission Intensity Type Source
(g CO2e/kWh)

Biomass 42 Median IPCC (2011)
Mill Residue 15 Median, harmonized EPRI (2013)
Biomass 8.5t0 130 Range Turconi et al. (2013)
Biomass 52 Median, harmonized NREL (2021)
Forest Biomass 49 Average Xu et al. (2021)
Forest Residue 72 Point calculation Cuellar and Herzog (2015)
Considering Avoided Emissions
Biomass (410) Point calculation Spath and Mann (2004)
Biomass 0 to (900) Point calculations IPCC (2011)
Mill Residue (1000) Point calculation EPRI (2013)
Biomass 0 to (1000) Point calculations NREL (2021)
Considering Avoided Emissions and Engineered Carbon Mitigation (Carbon Capture and Storage)
Biomass (667) to (1368) Point calculations Spath and Mann (2004)
Biomass (600) to (1368) Point calculations IPCC (2011)
Biomass (600) to (1368) Point calculations NREL (2021)
Forest Residue (1818) Point calculation Cuellar and Herzog (2015)

When avoided emissions are considered, life cycle GHG emission intensities for stand-alone biomass to
electricity generation become negative, ranging from (400) to (1380) g CO,e/kWh. Additional GHG
savings can be achieved with the employment of engineered GHG mitigation strategies such as
bioenergy carbon capture and storage (BECCS). It is important to note that BECCS installations at pulp

5 Biomass refers primarily to woody residuals from manufacturing but also wastewater treatment plant residuals,
paper recycling residuals, residuals from forest harvesting, and other miscellaneous biomass fuels used by the US
pulp and paper sector.
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and paper mills are currently not widespread and only exist at the demonstration or pilot scale. A review
of the state of carbon capture in the pulp and paper sector is provided in the NCASI white paper
“Toward a Net Zero Future for the Forest Products Industry” (2023b). Considering BECCS, life cycle GHG
emission intensities for biomass to electricity generation of (1365) to (1818) g CO,e/kWh can be
achieved. A summary of study results is provided in Table 1. It is important to note that previous studies
focused on stand-alone biomass electricity generation plants while this white paper provides
information on the life cycle GHG emission characteristics of biomass-derived electricity from US pulp
and paper facilities.

Figure 3 shows meta-analyses life cycle GHG emission estimates from bio-based electricity generation
from the “Bioenergy” chapter of the Intergovernmental Panel on Climate Change (IPCC) special report
on renewable energy sources and climate change mitigation (IPCC 2011). Median life cycle emissions
were 42 g CO,e/kWh. When avoided emissions are considered, emissions of up to (900) g CO,e/kWh are
calculated, and when engineered GHG mitigation approaches such as BECCS are considered in addition
to avoided emissions, emissions of (600) to (1368) g CO,e/kWh are calculated. Again, carbon capture
installations at pulp and paper mills are currently not widespread and only exist at the demonstration or

pilot scale.
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Figure 3. Life Cycle GHG Emission Estimates from Bio-Based Electricity Generation [Source: IPCC (2011)]

Figure 4 shows harmonized meta-analyses of life cycle GHG emission estimates from all major energy
sources used for electricity generation (NREL 2021). NREL's life cycle harmonization project is a meta-
analytical procedure to assess and reduce the variability of life cycle assessment results (Heath and
Mann 2012). Median, harmonized life cycle emissions for biomass-derived electricity generation were
52 g CO,e/kWh. When avoided emissions are considered, emissions of up to (1000) g CO,e/kWh are
calculated, and when engineered GHG mitigation approaches such as BECCS are considered in addition
to avoided emissions, emissions of (600) to (1368) g CO,e/kWh are calculated.
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Figure 4. Life Cycle GHG Emission Estimates from Electricity Generation and Storage Technologies and
Some Technologies Integrated with Carbon Capture and Storage (NREL 2021)

Figure 5 and Figure 6 show life cycle GHG emission estimates for different types of biomass used for
electricity generation (EPRI 2013). Median, harmonized life cycle emissions for electricity generation
from mill biomass residues were 15 g CO,e/kWh. When avoided emissions are considered, negative
emissions of (1000) g COe/kWh were calculated (point emission calculation).
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Figure 5. Distribution of Life Cycle GHG Emission Estimates from Electricity Generation by Feedstock
Categories (EPRI 2013)
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Xu et al. studied the regionality of life cycle emissions within the US for forest biomass-derived
electricity (2021), shown in Figure 7. Forest biomass-derived electricity has 86% to 93% lower life cycle
GHG emissions than average grid electricity in the US (Xu et al. 2021). The average of life cycle emissions
of forest biomass-derived electricity was 49 g CO,e/kWh from several US states (Xu et al. 2021).
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Figure 7. Life Cycle GHG Emission Estimates for Woody Biomass by US State and by Life Cycle Stage (Xu
etal. 2021)

4.0 Biomass Fuel Types used for Electricity Generation with the US Pulp

and Paper Sector

The forest products sector is unique among industrial sectors in that most energy requirements for the
sector are derived from biomass energy sources. In 2018, 63% of fenceline energy needs for the pulp
and paper sector and 60% of fenceline energy needs for the wood products sector were derived from
biomass fuels. Biogenic CO; emissions for the US forest products sector were 137 million mt COze

(115 million mt CO,e from the pulp and paper sector and 22 million mt CO,e from the wood products
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sector) in 2018 and represent a significant opportunity for the sector to become a net negative emitter
of GHG emissions if these biogenic emissions are captured with carbon capture technologies. Biomass
used by the forest products sector for energy generation is primarily in the form of biomass residuals
and biomass by-products and cannot be replaced by alternative energy sources without significant
negative GHG emission impacts.

4.1 Spent Liquor Solids

When pulp is produced from wood chips using a chemical pulp process, wood fibers used to make paper
and paperboard products are separated from the wood chips in a digester. The residual digester liquid is
called spent pulping liquor, which contains the dissolved portion of the wood not needed for pulp and
paper making as well as the spent cooking chemicals. Spent pulping liquor is concentrated to then be
used as fuel in a recovery furnace (also called a recovery boiler), which is the central component of the
mill’s recovery system. This system recovers pulping chemicals and energy from the spent pulping
liquor. The most common form of spent pulping liquor is black liquor produced by the kraft process. The
kraft recovery process is highly resource efficient. Typical chemical recovery efficiencies (a measure of
the amount of pulping chemicals recovered and reused for pulping) are approximately 97% (Tran and
Vakkilainen 2008), and well-operating bleached kraft mills with low liquor losses into sewers can have
chemical recovery efficiencies approaching 99% (NCASI 2023a).

Due to the importance of the kraft process to the pulp and paper sector®, NCASI undertook a life cycle-
based assessment of the benefits of using black liquor solids (NCASI 2011; Gaudreault et al. 2012). The
results from that study include:

e The GHG emissions and non-renewable energy consumption for a system using black liquor
solids in the kraft recovery system are approximately 90% lower than those for a comparable
fossil fuel-based system.

e Use of black liquor solids in the kraft recovery system avoids approximately 140 kg COze per GJ
of energy output from the system.

o Applying these results to the production of kraft pulp in the US, the avoided emissions are
approximately 100 million mt COze per year. These avoided emissions are greater than the total
of Scope 1 and Scope 2 emissions from the US pulp and paper industry.

e The GHG benefits occur without affecting the amount of wood harvested or the amount of
chemical pulp produced.

e The results do not depend on the accounting method for biogenic carbon.

e The findings are valid across a range of assumptions about the displaced fossil fuel, the GHG
intensity of the grid, and the fossil fuels used in the lime kiln.

e Even at facilities without CHP cogeneration systems, 80% to 90% of the GHG benefits are
retained.

4.2 Manufacturing Biomass Residuals

The use of manufacturing and forest biomass residuals in power boilers is a long-established practice
within the forest products industry (both the pulp and paper sector and the wood products sector).
Combustion of biomass residuals other than spent liquor solids for energy generation represented
304 trillion Btu of energy in 2018 for the US pulp and paper sector’. For the US wood products sector,
combustion of biomass residuals represented 233 trillion Btu of energy in 2018. US forest products

& Approximately 90% of wood pulp (pulp derived from chemical pulping, semi-chemical, and mechanical pulping)
produced in the United States is from the kraft process.
7 US EIA MECS Survey Data. https://www.eia.gov/consumption/manufacturing/data/2018/
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industry mill manufacturing residuals represent most biomass residuals other than spent liquor solids
(Figure 8). Smaller amounts of logging biomass residuals, residuals from wastewater treatment plant
operations, paper recycling residuals, and other miscellaneous biomass residuals are utilized by the US
forest products industry for energy generation or solid residual minimization. The US pulp and paper
sector’s contribution from biomass residuals other than spent liquor solids for energy generation is
similar to the US forest products industry (Figure 9).

Other

2.8%\

PaperRecycling__

0.3% /
WWTP

1.6%

Manufacturing Mill
Residuals
83.0%

Figure 8. Energy Fractions for US Forest Products Industry’s (Both Pulp and Paper and Wood Products
Sectors) Biomass Residuals Other Than Spent Liquor Solids
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Figure 9. Energy Fractions for the US Pulp and Paper Sector’s Biomass Residuals Other Than Spent Liquor
Solids
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5.0 Combined Heat and Power

The forest products industry is a leader in the use of CHP, also known as cogeneration, which is an
energy efficient mode of steam and electricity generation from the same fuel source. Several documents
recognize the energy efficiency and resiliency benefits of industrial (including forest products) CHP (US
EPA 2008; NREL 2017; DGA et al. 2015). The broad advantages of CHP include:

e The simultaneous production of useful thermal and electrical energy, which is a more efficient
generation mode than the separate generation of steam and electricity.

e |Installation of CHP units at the point of energy use to avoid transmission and distribution losses
that would occur with purchased power.

e Reduced dependency on the grid, particularly during power disruptions or outages.

The US forest products industry currently has 12.7 GW of installed CHP capacity (Table 2).

Table 2. US Forest Products Industry Installed CHP Capacity®

Sector Installed CHP Capacity (GW)

Pulp and Paper 11.8
Wood Products 0.9
Forest Products (total) 12.7

The US forest products industry produced 32% of all the CHP power generated by manufacturing
industries in 2018°. Over 40 billion kWh of electricity was generated through CHP by the US forest
products industry in 2018, representing 95% of all on-site electricity generated by the sector (see Table
3). Pulp and paper and wood product facilities predominantly use biomass-based CHP to generate steam
and electricity with very low GHG emissions. The US pulp and paper sector avoids over 12 million mt
CO,e annually by using CHP compared to the separate generation of steam and electricity (Appendix A).
The forest products sector sold 6449 million kWh of energy in 2018, which helps contribute to greening
the US electrical grid. Given that electricity is being generated at the point of use, forest product CHP
systems also contribute to overall electrical grid resiliency, i.e., electricity can still be generated and
utilized at a mill even during grid power disruptions or outages. Table 3 shows the US forest products
industry electricity generation profile for 2018. Electricity sales within the pulp and paper sector
represented 13% of total sector electricity generation and electricity sales within the wood products
sector represented 59% of total sector electricity generation.

8 U.S. Department of Energy Combined Heat and Power and Microgrid Installation Databases. CHP Data Download.
https://doe.icfwebservices.com/downloads/chp

9 US EIA MECS: "Table 11.3 Electricity: Components of Onsite Generation, 2018."
https://www.eia.gov/consumption/manufacturing/data/2018/pdf/Table11 3.pdf
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Table 3. The US Forest Products Industry Electricity Generation Profile

Cogenerated Total On-site Percentage of On-site Sales®
Electricity® Electricity Electricity that Is (million
(million kWh) Generation® Cogenerated kWh)
(million kWh)
Pulp and Paper 38,663 40,518 95% 5372
Wood Products 1735 1840 94% 1077
Forest Products 40,398 42,358 95% 6449

(Total)

aUS EIA MECS: "Table 11.3 Electricity: Components of Onsite Generation, 2018."
https://www.eia.gov/consumption/manufacturing/data/2018/pdf/Table11 3.pdf
b US EIA MECS: "Table 11.1 Electricity: Components of Net Demand, 2018."
https://www.eia.gov/consumption/manufacturing/data/2018/pdf/Table11 1.pdf

A diagram of a typical steam and power balance at a medium-sized kraft mill is provided in Figure 10.
Typically, high-pressure steam is produced from a kraft recovery boiler and one or more power boilers.
Fuels used in mill power boilers may be biomass fuels or fossil fuels (predominantly natural gas, but
small amounts of coal and residual fuel oil may also be used).
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Sootblowin, 177 mt/hr 26.8mt/h 5.8mt/hr 3
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Figure 10. Typical Steam and Power Balance at a Kraft Mill (Reproduced from AGRA Simons 1998)
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A simplified block diagram of a chemical pulp mill CHP system is provided in Figure 11. Mill CHP systems
typically have multiple biomass or fossil fuels supplying energy to the system. The nature of CHP systems
is that they simultaneously produce multiple products (medium- and low-pressure steam to supply mill

needs and electricity for use or sale).

Kraft Recovery

Boiler ‘

Biomass Power

Boiler

19peaH Weals ainssald YSiH

Fossil Fuel
Power Boiler

Steam Turbine EIECtrIC.Ity
generation

Medium- and
low- pressure

steam for process
needs

Figure 11. Simplified Block Diagram of a Chemical Pulp Mill Combined Heat and Power System (steam
and electricity co-products are highlighted in blue)

In detailed cradle to final energy use life cycle studies on the GHG and fossil fuel reduction benefits of
using biomass residuals for energy production (NCASI 2011; Gaudreault et al. 2012; NCASI 2014; NCASI
2017), life cycle GHG emissions were determined for biomass residual fuels used in the US forest
products sector. For each type of residual, the NCASI studies compared a base case of no beneficial use
of residuals (including their alternative fates) with 100% use for energy generation. A summary of the
differential GHG impact indicators is provided in Table 4.

Table 4. Difference in Total Life Cycle GHG Emissions Over 100 Years

Biomass Residual Type

Differential GHG Impact,
Dynamic Forcing

(kg CO,e/G))
Wood Mill Residuals? -116
WWTP Residuals? -295
Paper Recycling Residuals? -112
Spent Liquor (Including Black Liquor)® -184
Forest Harvesting Residuals® -75.7

2NCASI 2014
b NCASI 2011; Gaudreault et al. 2012
¢NCASI 2017
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The differential GHG impact indicator is defined as:

Differential GHG Impact (kg CO,E/GJ) = [Total GHG impact caused by GHG releases, including
biogenic CO, emissions and removals, for energy production using residuals] — [Total GHG
impact of GHG releases, including biogenic CO, emissions and removals, for energy production
using fossil fuels, including alternative fate of residuals] (NCASI 2014).

A summary of GHG mitigation benefits of energy generation from biomass residuals in the US forest
products sector is provided in Table 5.

Table 5. Life Cycle GHG Mitigation Benefits for Biomass Residuals Energy Systems in the US Forest

Products Sector
Type Of GHG Mitigation
. S . Break-
Biomass Fossil Facility in Alternative Compared to a
Reference Tvpe Fuels which the Fate Comparable
yp Offset Biofuel Is Considered Fossil Fuel-Based
Used System (%)
Gaudreault et Black US pulp Biogenic
al. (2012) and liquor and paper  carbon 69-92 0
NCASI (2011) . Heat (coal  mills released as CO;
Wood and US forest Landfill or
NCASI (2014)  mill natural products - . 98.7 1.2
. - incineration
residuals gas) or CHP facilities
wwrps  (coaland ~ USpulp Landfill or
NCASI (2014) . natural gas and paper . . . 98.7 0
residuals . incineration
for heat mills
Paper and US US pulp .
NCASI (2014)  recycling electricity  and paper ~ -2ndfill or 86.4 0
. . . incineration
residuals grid for mills
- ¢ electricity) = US forest D
NCASI (2017)  Ore® products ecayor 92.5 0
residuals e burned on-site
facilities

@Based on dynamic radiative forcing.
b Wastewater treatment plant.

6.0 Allocation of Life Cycle GHG Emissions to Steam and Electricity

In detailed cradle to final energy use life cycle studies on the GHG and fossil fuel reduction benefits of
using biomass residuals for energy production (NCASI 2011; Gaudreault et al. 2012; NCASI 2014; NCASI
2017), the functional unit was the production of 1 GJ of energy. Given that over 95% of the on-site
electricity in the US pulp and paper sector is generated from CHP systems, allocation approaches to
allocate both GHG burdens and benefits are required to quantify the GHG characteristics of industry-
generated biomass-derived electricity. Appendix B provides a detailed overview of the most common
GHG allocation approaches applied to the US pulp and paper sector. Depending on the approach,
different fractional allocation amounts are attributed to heat or electricity (Table 6).
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Table 6. US Pulp and Paper Sector GHG Allocation Fractions for CHP Systems by Method

Fraction Allocated to Electricity  Fraction Allocated to Heat

Allocation Method

fe fa
Energy Content 0.13 0.87
Incremental Fuel Consumption 0.21 0.79

(Electricity)

Work Potential Method 0.22 0.78
Incremental Fuel Consumption 0.24 0.76
(Steam)

Simplified Efficiency Method 0.26 0.74
Economic Value Method 0.50 0.50

Avoided GHG emissions can be determined by the use of the differential GHG impact indicators in Table
4 and current energy consumption information for biomass residuals for the US pulp and paper sector
(Appendix A). Table 7 shows the calculated avoided emissions on an absolute basis and life cycle GHG
emission intensities allocated to electricity production for the US pulp and paper sector.

Table 7. Life Cycle GHG Emission Characteristics of Biomass-derived Electricity Considering Avoided
Emissions for the US Pulp and Paper Sector

Life Cycle GHG Emission Intensities Allocated to
Electricity Production

Avoided GHG
Biomass Residual Emissions

(million mt CO.e) Low High

(kg CO,e/MWh) (kg CO.e/MWh)

Spent Pulping Liquor 119 (709) (2814)

All Other Biomass

Residuals 25 (482) (1812)

Electricity efficiencies (the ratio of power output to fuel input on a higher heating value energy basis) of
systems designed for the exclusive generation of electricity are higher than in CHP systems. New ultra-
supercritical coal-based electricity generation plants have electricity efficiencies of 40% (heat rate of
8368 Btu/kWh), and new natural gas combined cycle multi-shaft electricity generation plants have
electricity efficiencies of 54% (heat rate of 6370 Btu/kWh) (US EIA 2023). In a meta-analysis of life cycle
GHG emissions of coal-fired electricity generation, electricity efficiencies ranged from 27% to 49%, and a
collective harmonized arithmetic weighted mean thermal efficiency was 33% (Whitaker et al. 2012).In a
meta-analysis of life cycle GHG emissions of natural gas fired electricity generation, electricity
efficiencies ranged from 43% to 50% (O’Donoughue et al. 2014). Because of the higher electricity
efficiencies for stand-alone plants, allocated emissions from CHP systems can be greater than from
electricity-only plants (column 2 of Table 8).
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Table 8. Life Cycle GHG Emission Characteristics of Fossil Fuel Derived Electricity

. . Total Life Cycle Emissions for Life Cycle GHG Emission Intensities
Fossil Fuel Used in the o : o .
Pulb and Paper Sector Electricity Production Allocated to Electricity Production

P P (kg CO2e/MWh)? (kg CO2e/MWh)
Low
Natural Gas 486 296 1137
Coal 1001 411 1581
aNREL 2021

In a detailed study of combined heat and power generation and the avoided emissions from the energy
efficiency improvement of CHP systems compared to the separate generation of steam and electricity
(Appendix A), the fuel and energy usage and energy generation characteristics of 177 US pulp and paper
mills were aggregated and assessed to generate GHG information on average and total CHP generation
in the US pulp and paper sector. In 2018, 24% of steam and power from US pulp and paper sector CHP

systems were derived from fossil fuels (19% natural gas, 3% coal, 2% other fossil fuels) (Appendix A and
Figure 12).

Other Fossil Fuels
2%

Natural Gas
19%

Coal
3%

Figure 12. Fuels Used in US Pulp and Paper Sector Cogeneration Systems in 2018
The emission factor for a CHP system using multiple fuels can be calculated as:

N (Ffueli ! 77effi) EF;

EFcyp = -
= Z;;T(Ffueli ' neffi)
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Where:

Frel: fuel fraction on a higher heating value energy basis
EF: emission intensities for electricity generation for biomass fuels (Table 7) or fossil fuels
(Table 8)
Nerr:  boiler thermal efficiency by fuel (Appendix A, Table A4)

Emission intensities attributed to electricity generation from biomass fuels (Table 7), fossil fuels (Table
8), and typical boiler thermal efficiencies by fuel (Appendix A, Table A4), can be used in the above
equation to calculate composite emission intensities from mill-produced electricity. Under a typical
scenario where 24% of the fuel was supplied from either natural gas or coal, industry derived electricity
is still significantly negative from a GHG perspective when avoided emissions from the utilization of
biomass fuels are considered (Table 9).

Table 9. GHG Emission Characteristics of US Pulp and Paper Sector Produced Electricity

Mill Fossil Fuel Life Cycle GHG Emission Intensities Allocated to
Fraction for Energy Electricity Production

Generation® Low (kg CO,e/MWh) High (kg CO,e/MWh)
24% Coal (346) (1368)

24% Natural Gas (388) (1534)

19% Natural Gas, 5%

Coal (379) (1499)

258% of energy is derived from black liquor, and 18% is derived from other biomass fuels.

7.0 Conclusions

This white paper provides information regarding the life cycle GHG characteristics of biomass-derived
electricity from the US pulp and paper sector. When avoided emissions are considered, life cycle GHG
emission intensities for industry-generated electricity derived from spent liquor solids and all other
major biomass types utilized by the sector are highly negative. Even when a portion of the on-site
electricity generation at a pulp and paper mill is derived from supplemental fossil fuels, as is typical for
the US pulp and paper sector, the large negative (i.e., avoided) emissions from utilizing biomass
residuals more than offset the life cycle GHG emission amounts from the use of fossil fuels, resulting in
negative emissions for industry-generated electricity.
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Appendix A: Avoided GHG Emissions from the Use of CHP in the US Pulp
and Paper Industry

CHP is the sequential or simultaneous generation of useful thermal and electrical energy in a single
integrated system. CHP is more energy efficient at generating steam and electricity than the separate
generation of steam and electricity and can therefore result in fuel savings and GHG emission
reductions.

One method of evaluating the efficiency of CHP systems within the pulp and paper industry is to
compare emissions from CHP operation to emissions from the separate generation of equivalent
amounts of steam for process use and electrical power. Avoided GHG emissions in 2018 due to the use
of CHP for the US pulp and paper industry were 12.2 million mt CO.e (Table Al). To put these avoided
emissions in context, combined direct and indirect GHG emissions from the US pulp and paper industry
were 53.0 million mt CO,e in 2018 (Appendix A). Use of CHP technology in the US pulp and paper
industry reduced GHG emissions by 34% compared to what they would have been if those mills had
generated steam in stand-alone generation units and purchased all required electricity from the power
grid (34.9 million mt CO,e compared to 23.6 million mt CO,e from CHP operation). In addition to the
energy efficiency savings from the utilization of industry CHP, biomass residuals comprise approximately
76% of fuels consumed in US pulp and paper industry cogeneration systems.

Operation of CHP systems does increase on-site emissions compared to emissions from stream
generation in stand-alone boilers. The increase in on-site GHG emissions from CHP utilization was
4.0 million mt CO,e in 2018 for the US pulp and paper industry. However, this increase in on-site
emissions is more than offset by the reduced need for purchased utility-generated power.

Table 10. US Pulp and Paper Industry GHG Emissions from Use of CHP Technology in 2018 Compared to
the Separate Generation of Heat and Power

GHG Emissions (million mt COze)

CHP Separate Separate Difference in Avoided GHG
Population Operation Generation of = Generation On-site Emissions
Electricity® of Steam® Emissions
Mill-specific 20.2 13.9 16.8 3.5 10.5
Information
US Pulp and Paper 23.6 16.2 19.6 4.0 12.2

Industry

2 GHG emissions due to purchase of electricity equivalent to amount generated from CHP operation.
b GHG emissions from separate generation of steam to meet process needs, equivalent to amount from CHP operation, and
based on the same fuel mix to generate combined heat and power.

Calculation Procedure

Mill-specific environmental and energy data are collected biennially by the American Forest and Paper
Association (AF&PA) and by NCASI for US pulp and paper mills. The latest year of quality assured data
for the AF&PA/NCASI data set is from 2018 and represents approximately 85% of the total paper,
paperboard, and market pulp production in the US. Of the 176 mills in the AF&PA/NCASI database, 97
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facilities with combined production of 57.5 million short tons reported 33,143 million kWh of
cogenerated electricity in the 2018. These data served as the basis for this cogeneration analysis and are
called the “Environmental Health and Safety (EHS) database” throughout this white paper. Mills report
total site level energy consumption on a high heating value basis. Only energy consumed in CHP systems
(either boiler/steam turbine systems or direct fired turbine systems) should be considered when
calculating avoided GHG emissions from CHP. Fuels consumed in lime kilns, mobile sources, incinerators,
generators, tissue dryers, etc. should be excluded, as well as fuel consumed in boilers that operate solely
for steam production or electricity production. Figure Al shows a schematic that was followed to
translate site level EHS data to a form usable to calculate avoided GHG emissions from CHP systems.

Total mill Fuel Electricit
fuel usage consumed in Steam enerateg
from boiler/steam » generated gom steam
the EHS turbine from boilers X
turbines
database systems

Subtraction of
energy used in

. ¥ energy used in Subtraction of
lime kilns, ; .
A boilers not sootblowing
incinerators, . 5
integrated with steam

gas turbines,
etc.

Subtraction of

CHP systems

Figure 13. Schematic Used to Translate EHS Data to Steam and Electricity Generation in Pulp and Paper
CHP Systems

Energy Used in Lime Kilns, Total Reduced Sulfur Incinerators, and Gas Turbines

NCASI maintains a database (latest quality assured information from 2010) of combustion devices for
the US pulp and paper industry (NCASI 2010). The NCASI combustion source database was cross-
referenced with the EHS database to subtract the energy consumption from lime kilns, TRS incinerators,
and gas turbines from total reported mill energy use. Table A2 shows the total energy consumption
contributions from lime kilns, TRS incinerators, and gas turbines from facilities that also reported on-site
cogeneration.

Table 11. Energy Consumption from Lime Kilns, TRS Incinerators, and Gas Turbines

Lime Kilns TRS Incinerators Gas Turbines
(billion Btu HHV) | (billion Btu HHV)  (billion Btu HHV)
Natural Gas 44,843 1910 8432
Residual Fuel Oil 13,401 100
Petroleum Coke 3672
Total Energy Consumption 61,916 2009 8432

HHV=high heating value

Total energy use from mills reporting on-site cogeneration was reduced by subtracting energy
consumption from lime kilns, TRS incinerators, and gas turbines at these facilities. It is assumed that the
remaining energy is available for cogeneration. Table A3 shows the amount of fuel energy available for
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cogeneration by fuel type. Approximately 76% of fuels consumed in US pulp and paper industry
cogeneration systems are from biomass residuals. It is assumed that reported liquefied petroleum gas,
gasoline, kerosene, and minor fossil fuels that fall under the “Other Fuel” or “Other Fuel 1” categories in
the EHS database are not used in CHP systems.

Table 12. 2018 Fuels Used for Cogeneration

Cogeneration Fuels® Cogeneration Fuels

(billion Btu) (% energy content
basis)

Biomass Fuels

Spent Liquor Solids 759,909 58%

Solid Wood Residuals and Other Biomass Fuels 242,884 18%
Fossil Fuels

Coal 44,713 3%

Natural Gas 255,449 19%

Rubber Tire Chips 6847 1%

Petroleum Coke 10,084 1%
Sum 1,319,886 100%

3 Fuels calculated to be consumed in boiler/steam turbine CHP systems by 2018 EHS survey respondents that reported
electrical cogeneration.

The amount of steam production based on cogeneration fuel input is calculated using the boiler thermal
efficiencies in Table A4, the properties of superheated high-pressure steam and boiler feedwater in
Table A5, and Equation 1. The calculated amount of high-pressure steam generated from the
cogeneration fuels in Table A3 was 647,120 million pounds in 2018 (919,826 billion Btu).

Table 13. Boiler Thermal Efficiencies Based on Fuel Type

Fuel Boiler Thermal Efficiency (17)

Spent Liquor Solids 0.65
Solid Wood Residuals and Other Biomass Fuels® 0.70
Coal 0.84
Natural Gas 0.80
Rubber Tire Chips 0.80
Petroluem Coke 0.84

2 Includes all hogged fuels, other biomass, non-recyclable paper, and sludge.
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Table 14. Steam and Feedwater Conditions Used in CHP Analysis

Pressure = Temperature Specific Enthalpy?

(psig) (°F) (Btu/Ib)
High-pressure Steam 1073 860 1421
Medium-pressure Steam 130 386 1213
Low-pressure Steam 36 282 1175
Boiler Feedwater 36 282 251

2 Verma, Mahendra P. 2003. “Steam Tables for Pure Water as an ActiveX Component in Visual Basic 6.0.”
Computers & Geosciences 29: 1155-1163.

F =n-Input/(Hs — Hpw) (Eq. 1)
Where:
F: flow of high-pressure superheated steam generated from boiler (Ib/yr)
n: boiler energy to steam efficiency (fraction)

Input: fuel energy input to boiler (Btu/yr)
Hs: specific enthalpy of high-pressure steam (Btu/Ib)
Hew:  specific enthalpy of boiler feedwater (Btu/Ib)

Depending on the fuel type, a certain percentage of the high-pressure superheated steam is assumed to
be used for soot-blowing purposes. Soot-blowing steam requirements based on fuel type are given in
Table A6. After subtracting soot-blowing steam use, the amount of high-pressure steam calculated to be
entering steam turbines was 621,235 million pounds in 2018 (883,032 billion Btu).

Table 15. Soot-blowing Steam Requirements Based on Fuel Type

Steam Generation Used in Soot-blowing

(% of High-pressure Steam)

Spent Liquor Solids 6.5
Wood/Bark? 2.0
Coal, Petroleum Coke, 2.5

and Rubber Tire Chips
Natural Gas 0.0

2 Includes all hogged fuels, other biomass, and non-recyclable paper.

Power Production from Steam Turbines

Power generated from steam turbines was calculated by using a high-pressure steam to power
conversion factor for all cogeneration fuels. This factor is the fraction of high-pressure steam energy
content entering a turbine that is converted to electrical power. The conversion factor of 0.12 was tuned
(after adjusting for CHP power generated from gas turbines in mills that reported cogeneration) to
match the reported 33,143 million kWh of cogenerated electricity in the EHS database. Assuming no
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energy losses and negligible energy content in any condensates, the high-pressure steam to power
conversion factor of 0.12 translates to a power to steam ratio of 0.14 (equivalent to 40 kWh/GJ of steam
generated). Power to steam ratios for the pulp and paper industry range from 0.07—-0.25 for back-
pressure steam turbines and 0.1-0.5 for condensing turbines (Strickland and Nyober 2002).

Gas Turbines

The amount of natural gas consumed in gas turbines from mills that reported both cogenerated
electricity and a gas turbine installation is 8,432 billion Btu (Table A2). The fuel consumption, electricity
generation, and performance parameters for a gas turbine generator (GTG), heat recovery steam
generator (HRSG), and extraction condensing steam turbine generator system are taken from McCann
(2002) and are used to calculate steam and electricity generation from gas turbines.

Avoided GHG Emissions from CHP

Avoided GHG emissions due to CHP technology are calculated by comparing emissions from the
separate generation of heat and power to those from combined generation of heat and power. From a
process standpoint, steam of pressure higher than 10 to 12 bar (typically referred to as medium-
pressure steam) is not needed. On-site GHG emissions from mills generating high-pressure steam that is
subsequently expanded within a turbine for power generation and extracted for process needs will be
higher than those from a mill generating medium-pressure steam in a HRSG and pressure reducing a
portion of it to meet low-pressure steam requirements. Figures A2 and A3 show schematics for
generating the same amounts of electricity and steam in a CHP system and separately.

. Boiler High-pressure | . coctricity
uel producing 2
High-pressure > expanded .
in a steam Medium-pressure steam
steam turbine and low-pressure steam

for process needs

Figure 14. Steam and Electricity Generation in a CHP System

Purchase of electricity
from the power grid

HRSG Pressure
Fuel producing reduction Low-pressure steam
——»  medium- valveto low- ———> o process needs
pressure pressure
steam conditions

Medium-pressure steam
for process needs

>

Figure 15. Separate Generation of Steam and Electricity (same amounts as in Figure A2)

GHG emissions from steam and electricity generated in CHP systems are calculated based on fuel
amounts used in cogeneration (Table A3), natural gas used in gas turbines (Table A2), and IPCC and
World Resources Institute (WRI)/World Business Council for Sustainable Development (WBCSD) fuel-
specific emission factors and global warming potentials. Fuel-specific emission factors and global
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warming potentials from the IPCC (IPCC 2006) were used, with the exception of those for CH, and N,O
from biomass combustion, where factors from WRI/WBCSD (2005) were used. The total GHG emissions
calculated in this fashion are 20.2 million mt COze/yr. GHG emissions from the purchase of an equivalent
amount of grid electricity as self-generated CHP electricity (33,143 million kWh) is calculated using the
US average grid power emission intensity value of 0.432 mt CO,e/MWh?® and results in GHG emissions
of 13.9 million mt CO,e/yr. The fuel energy needed to generate an equivalent amount of steam as that
produced in CHP systems (647,120 million pounds) is calculated using enthalpies for medium-pressure
steam and feedwater (Table A5), boiler thermal efficiencies (Table A4), Equation 2 (a rearranged form of
Equation 1), and steam mass flows from cogeneration fuels.

Input = F - (Hs — Hpw) /1 (Eq. 2)

GHG emissions from separate generation of steam are 16.0 million mt CO,e/yr. Avoided GHG emissions
from CHP operation are calculated by summing the emissions attributed to purchased electricity and the
separate generation of steam minus emissions from CHP operation. Avoided GHG emissions from all
mills in the EHS database that reported cogenerated electricity are 10.5 million mt CO,e/yr.

Scale-Up to Total US Production

The scale-up of avoided emissions calculated from the EHS database to total US pulp and paper
production was accomplished by ratioing total in-plant cogeneration reported in the 2018 US Energy
Information Administration (EIA) Manufacturing Energy Consumption Survey (MECS)*?, which is
assumed to have complete coverage for the sector, to in-plant cogeneration reported by facilities in the
EHS database. In-plant cogeneration from the 2018 EIA MECS was 38,663 million kWh and in-plant
cogeneration from facilities from the EHS database was 34,059 million kWh. The ratio of 38,663 to
33,143 (scaling factor 1.17) was used to scale results to the US pulp and paper sector in Table Al.

10 https://www.epa.gov/egrid
11 US EIA MECS: "Table 11.3 Electricity: Components of Onsite Generation, 2018."
https://www.eia.gov/consumption/manufacturing/data/2018/pdf/Table11 3.pdf
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Appendix B: CHP GHG Allocation Approaches for the Pulp and Paper
Industry

Introduction

CHP is an energy efficient mode of steam and electricity generation, and the US forest products industry
is a leader in the utilization of CHP for industrial energy generation. In 2018, the US forest products
industry produced 30% of all CHP power generated by manufacturing industries: 38,663 million kWh
total, 5,372 million kWh of which was sold to the electrical grid*2.

Since CHP systems generate steam and electricity simultaneously or sequentially, allocation approaches
have been developed to allocate the GHG emissions derived from the combustion of fuels to the
multiple products (steam and electricity). Overviews on CHP allocation approaches are reviewed and
developed in several publications (Nyober and Groves 2012; Strickland and Nyober 2002; Strickland
Nyober 2004; Phylipsen et al. 1998; Rosen 2008; WRI/WBCSD 2006). Within this white paper, CHP GHG
allocation approaches are summarized, and allocation approaches are applied to characteristic CHP
energy generation in the US pulp and paper sector to determine typical GHG allocation factors for steam
and electricity. Properties of characteristic CHP energy generation for the US pulp and paper sector were
developed in a companion NCASI memo “Avoided Greenhouse Gas Emissions from the Use of Combined
Heat and Power in the US Pulp and Paper Industry.”

Summary of Approaches
Table B1 shows the variation of fractional allocation amounts by method for the US pulp and paper
sector. Figure B1 shows the results of Table B1 in graph form.

Table 16. Variation of Fractional Allocation Amounts by Method

Allocation Method fe fa

Energy Content 0.13 0.87

Incremental Fuel Consumption (Electricity) | 0.21 = 0.79

Work Potential Method 0.22 0.78
Incremental Fuel Consumption (Steam) 0.24  0.76
Simplified Efficiency Method 0.26 0.74
Economic Value Method 0.50 0.50

12 US EIA MECS Survey Data. https://www.eia.gov/consumption/manufacturing/data/2018/
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Figure 16. Variation of Fractional Allocation Amounts by Method

Allocation Based on Energy Content of Products

Allocation based on energy content of products allocates GHG emissions according to the quantities of
energy contained in each CHP output stream. The advantage of this allocation approach is that it is
straightforward and based only on operational outputs. The disadvantage of this approach is that it is
based on quantity of energy versus quality of energy.

fe=P/(P+Q)
fo=0/(P+Q)
Where
fe: fraction of cogeneration emissions allocated to electricity
fa: fraction of cogeneration emissions allocated to steam
P: Delivered electricity generation
Q: Steam output

The Simplified Efficiency Method

The simplified efficiency method allocates GHG emissions according to the amount of fuel energy used
to produce each final energy stream. The efficiency method is the preferred method in the WRI/WBCSD
(2006) guidance on allocation of GHG emissions from CHP system:s.

fe = (P/ep)/(P/ep + Q/q)
fo =(Q/eq)/(P/ep +Q/2q)
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Where:
fe:

fa:

Ep:

SQ:

P:
Q:

fraction of cogeneration emissions allocated to electricity
fraction of cogeneration emissions allocated to steam

efficiency of electricity generation (in the absence of measures of efficiency, typically
assume 0.35). The average electrical generation efficiency from coal, nuclear, natural
gas, and petroleum fuel sources in the US in 2018 was 0.35. The average electrical
generation efficiency from natural gas in the US in 2018 was 0.44.13

efficiency of steam generation (in the absence of measures of efficiency, typically
assume 0.8). The steam generation efficiency of 0.8 is typical of a natural gas fired
power boiler. Thermal efficiencies of other fuels used in the pulp and paper industry are
provided in Table B2.

delivered electricity generation

steam output

Table B2 shows typical thermal efficiencies for boilers firing different fuels. The efficiencies listed in
Table B2 can be used for g, in the simplified efficiency method in the absence of site-specific data.

Table 17. Literature with Published Thermal Efficiencies for Fuel Type Common in the Pulp and Paper

Sector
Spent Liquor Solids 61° Adams (1997)
Spent Liquor Solids 68-69 AGRA (1998)
Hogged Fuel 67 AGRA (1998)
Natural Gas 83 AGRA (1998)
Oil 87 AGRA (1998)
Sludge 65 AGRA (1998)

Spent Liquor Solids and Biomass 64° Francis (2006)

Coal 85, 75°¢ CBIO (2003)
oil 80, 72¢ CBIO (2003)
Gas 75, 70¢ CBIO (2003)
Biomass 70, 60° CBIO (2003)

2Includes soot-blowing 3.4% and boiler blowdown 0.85%.

bCanadian average.

¢Second number is low load efficiency, numbers are for relatively new
units at the time of publication (2003).

13 US EIA, Form EIA-923, "Power Plant Operations Report," and predecessor form(s) including US EIA, Form EIA-
906, "Power Plant Report;" and Form EIA-920, "Combined Heat and Power Plant Report;" Form EIA-860, "Annual
Electric Generator Report."

NCASI | AVOIDED GREENHOUSE GAS EMISSIONS FROM US PULP AND PAPER INDUSTRY BIOMASS-DERIVED ELECTRICITY 34



SINCASI

Work Potential Method

The work potential method allocates GHG emissions based on the useful work that can be performed by
the heat and electric power.

fe = WP/(WP + WQ)
fo =Wq/(Wp + W)
It is typically assumed the the conversion efficiency of electrical energy to mechanical work is 1 (100%).

WP=P

For thermal—e.g., steam—to mechanical work conversion, Carnot’s theorem states that no engine
operating between two heat reservoirs can be more efficient than a Carnot engine operating between
the same reservoirs.

Nr = % =1 _%
Where:
Nr: the maximum efficiency or Carnot efficiency
Wo: the work potential by the system from electricity

Wa: the work potential by the system from heat

Q: heat into the system
Tc: absolute temperature of the cold reservoir
Ty absolute temperature of the hot reservoir

Applying Carnot’s theorem, the heat work potential becomes:
Wo =0Qnr = Q1 —T¢/Ty)

Superheated steam temeprature trends for the pulp and paper industry have increased over time
(NCASI 2019). The choice of cold temperature reservoir influences the Carnot efficiency used in the work
potential method. Table B3 shows efficiencies for various superheated steam tempatures, assuming the
cold reservoir temperature is a typical return condensate temperature of 95°C.

Table 18. Carnot Efficiencies for the Work Potential Method

Superheated Steam 77

Temperature (K)

723 0.49
773 0.52
798 0.54
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The allocation fractions can be given in terms of the steam and electricity energy amounts and the
temperatures of the hot and cold resevoir:

fe=P/(P+Q(1—T:/Ty))
fo=0Q0A —Te/Ty)/(P+ Q1 —T¢/Ty))

Or in terms of the Carnot efficiency:

fe =P/(P+Qnr)
fo =Qng/(P+Qnr)

Allocation Based on Economic Value of Products
The economic approach allocates GHG emissions based on the economic value of the electricity and
steam produced:

fe = $PP/($PP + $QQ)
fo = $QQ/($PP + $QQ)

In terms of the ratio of $5/$:
fe=P/(P+Q/($p/%))

fo=0/(P-($p/%0) + Q)

Average industrial electricity costs, $p, can be found in EIA’s Electric Power Monthy'4. Average steam
costs may be calculated using natural gas as the fuel for steam generation. Natural gas prices may be
taken from Henry Hub natural gas prices'®, and natural gas boiler thermal efficiencies are given in Table
B2.

Allocation Based on Incremental Fuel Consumption for Electrical Production

The allocation approach based on incremental fuel consumption for electrical production considers
steam the primary product and electricity as a secondary product. In this approach, fuel use associated
with steam generation is calculated based on a stand-alone steam generation device, i.e., a reference
boiler. The fuel use attributed to electricity is calculated as the difference between CHP fuel use and the
fuel use calculated from the reference boiler.

Fo=0Q/¢

Fg=F—F,
fo =Q/(F'EQ)

fE=1—fQ

14, US EIA. Electris Power Monthly: Table 5.6.A. Average Price of Electricity to Ultimate Customers by End-Use
Sector. https://www.eia.gov/electricity/monthly/epm table grapher.php?t=epmt 5 6 a
15 US EIA. Natural Gas: Henry Hub Natural Gas Spot Price. https://www.eia.gov/dnav/ng/hist/rngwhhdm.htm
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Where:
fe:

fa:

Ep:

SQ:

FEZ
FQ:

fraction of cogeneration emissions allocated to electricity
fraction of cogeneration emissions allocated to steam

efficiency of electricity generation (in the absence of measures of efficiency, typically
assume 0.35). The average electrical generation efficiency from coal, nuclear, natural
gas, and petroleum fuel sources in the US in 2018 was 0.35. The average electrical
generation efficiency from natural gas in the US in 2018 was 0.44.1°

efficiency of steam generation (in the absence of measures of efficiency, typically
assume 0.8). The steam generation efficiency of 0.8 is typical of a natural gas fired
power boiler. Thermal efficiencies of other fuels used in the pulp and paper industry are
provided in Table B2.

delivered electricity generation

steam output

fuel input to the cogeneration system

fuel use attributed to electricity generation

fuel use attributed to steam generation

Allocation Based on Incremental Fuel Consumption for Steam Production

The allocation approach based on incremental fuel consumption for steam production considers
electricity the primary product and steam generation a secondary product. In this approach, fuel use
associated with electricity generation is calculated based on a stand-alone electricity generation device,
i.e., a reference power plant. The fuel use attributed to steam is calculated as the difference between
CHP fuel use and the fuel use calculated from the reference power plant.

Where:
fe:
fa:

Fp =P/¢ep
Fo=F—Fp
fe =P/(F - &p)
fo=1~1p

fraction of cogeneration emissions allocated to electricity

fraction of cogeneration emissions allocated to steam

16 US EIA, Form EIA-923, "Power Plant Operations Report," and predecessor form(s) including US EIA, Form EIA-
906, "Power Plant Report;" and Form EIA-920, "Combined Heat and Power Plant Report;" Form EIA-860, "Annual
Electric Generator Report."
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&p: efficiency of electricity generation (in the absence of measures of efficiency, typically
assume 0.35). The average electrical generation efficiency from coal, nuclear, natural
gas, and petroleum fuel sources in the US in 2018 was 0.35. The average electrical
generation efficiency from natural gas in the US in 2018 was 0.44.7

&: efficiency of steam generation (in the absence of measures of efficiency, typically
assume 0.8). The steam generation efficiency of 0.8 is typical of a natural gas fired
power boiler. Thermal efficiencies of other fuels used in the pulp and paper industry are
provided in Table B2.

P: delivered electricity generation

steam output

F: fuel input to the cogeneration system
Fe: fuel use attributed to electricity generation
Fq: fuel use attributed to steam generation

17 US EIA, Form EIA-923, "Power Plant Operations Report," and predecessor form(s) including US EIA, Form EIA-
906, "Power Plant Report;" and Form EIA-920, "Combined Heat and Power Plant Report;" Form EIA-860, "Annual
Electric Generator Report."
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