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Abstract

District heating (DH) systems can improve energy efficiency, reduce greenhouse
gas (GHG) emissions, and be a cost-effective residential space heating alternative
over conventional decentralized heating. This study uses radiative forcing (RF),
a time-sensitive life cycle assessment metric, to evaluate space heating alterna-
tives. We compare forest residue and willow biomass resources and natural gas
as fuel sources against decentralized heating using heating oil. The comparison is
performed for selected locations in the Northeastern United States over a 30-year
production timeline and 100 observation years. The natural gas and willow sce-
narios are compared with scenarios where available forest residue is unused and
adds a penalty of GHG emissions due to microbial decay. When forest residues
are available, their use is recommended before considering willow production.
Investment in bioenergy-based DH with carbon capture and storage and natural-
gas-based DH with carbon capture and storage (CCS) technology is considered
to assess their influence on RF. Its implementation further improves the net car-
bon mitigation potential of DH despite the carbon and energy cost of CCS infra-
structure. Soil carbon sequestration from willow production reduces RF overall,
specifically when grown on land converted from cropland to pasture, hay, and
grassland. The study places initial GHG emissions spikes from infrastructure and
land-use change into a temporal framework and shows a payback within the first
5 years of operation for DH with forest residues and willow.

KEYWORDS
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1 | INTRODUCTION

Building space heating infrastructure comprises a large
fraction of residential energy consumption, consti-
tuting a record 57% of total household energy in the

Northeastern United States, where heating oil supplies
20% of the energy demand (USEIA, 2015). With its cold
and mixed-humid climate, the U.S. Northeast region re-
quires permanent heating infrastructure for residential
and commercial buildings. According to the U.S. Energy
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Information Administration, this region consumes 84% of
the total heating oil (about 43 x 10° L) used in the United
States, representing a significant dependence on liquid
fossil fuel (USEIA, 2015). In recent years, several initia-
tives to diversify fuel supply have been undertaken world-
wide (European Commission, 2018) and specifically in
the United States (CARB, 2013). Among those strategies,
biomass is a viable heating energy source due to its local
availability and cost-effectiveness when replacing heating
oil in rural areas (Wilson et al., 2012).

Recently proposed and implemented (CARB, 2012,
2013) energy policies require, and in some cases incentiv-
ize, the use of low-carbon and renewable energy to miti-
gate climate change by reducing atmospheric greenhouse
gas (GHG) emissions (Chu & Majumdar, 2012). Achieving
those policy targets requires using low-carbon fuels, up-
dating current infrastructure to reduce GHG emissions
or both. To achieve low-carbon policy targets in residen-
tial heating, regions in the Northeastern United States
with existing natural gas pipeline infrastructure can ben-
efit from switching to natural gas. Natural gas has lower
combustive GHG emissions per unit of delivered energy
(50 g CO,e MJ™") compared to heating oil (70 gCO,e MI™%;
USEPA, 2020). Its higher heating value (52 MJ kg™") is also
greater than that of heating oil (46 MJ kg™"), delivering
more thermal energy per unit mass to satisfy a given heat
demand. However, methane leakages during natural gas
extraction and distribution (Brandt et al., 2016), which are
equivalent to 2.3% of yearly gross U.S. natural gas produc-
tion, are also a disadvantage of the resource (Alvarez et al.,
2018). Replacing natural gas with biomass can lower fossil-
fuel-related GHG emissions by restricting their emission
to transportation and logistics processes and avoiding the
end-use emissions when fossil fuels are used for heating.

Sustainably sourced woody biomass is a promising al-
ternative to fossil energy for heat and power generation
(Langholtz et al., 2016; McKendry, 2002). Life cycle assess-
ment (LCA) studies have estimated that using biomass
as sole or co-fed feedstock for combined heat and power
(CHP) production and district heating infrastructures (DH)
has environmental benefits (Dias et al., 2017, McManus,
2010; Parajuli et al., 2015; Zuwata, 2012). High-resolution
mapping of the United States’ aboveground woody bio-
mass has helped visualize the vast availability of woody
biomass areas in the Northeast regions (Kellndorfer et al.,
2013). Timber production regularly utilizes some of the
woody biomass of the region. However, the residues from
the portions of harvested trees, such as tops and branches,
are left unused to decay on forestland. If collected, woody
biomass residues can serve as feedstock for space heating.

An alternative to forest residues, short-rotation crops
such as willow, are potential low-carbon feedstocks
for heating applications (Volk et al., 2016). Carbon

sequestration from willow crop roots and belowground
stool can reduce net GHG emissions (Pacaldo et al., 2013).
Nevertheless, growing willow may invoke direct land-use
change (LUC), and indirect land-use change (ILUC)-
related GHG emissions owing to changes in aboveground
and belowground carbon stocks (Searchinger et al., 2008).
The positive (decreased) or negative (increased) impact on
atmospheric GHG emissions depends on historical land-
use practices of the transformed land. Positive and high
in magnitude LUC GHG emissions can adversely impact
the overall GHG balance of willow biomass, diminishing
its low-carbon advantages from soil carbon sequestration
(Havlik et al., 2011). However, feedstock crops cultivated
on marginal land and land not planned for long-term ag-
ricultural use can mitigate ILUC-based GHG emissions
(Gelfand et al., 2013; Zumkehr & Campbell, 2013).

Life cycle assessment studies that consider fixed-time
horizons usually aggregate all GHG emissions are over
time, for example, over 100 years (Jorgensen & Hauschild,
2013), ignoring the magnitude and temporal sequence of
those emissions within the product life cycle (Levasseur
et al., 2016). Today's emissions have a more substantial
adverse environmental impact than tomorrows. This
is because a fraction of today's emissions will persist in
tomorrow's atmosphere. Resolving the temporal GHG
emissions from foreground and background processes
found in ecoinvent 2.2 datasets for several product life
cycles, Pinsonnault et al. (2014) found the global warm-
ing impacts for bioenergy systems to show most sensitiv-
ity compared to other products, heightening the need to
consider the timing of emissions occurring from biofuel
and biomass-based processes. Furthermore, LUC-related
GHG emissions from short-rotation crops are temporally
asynchronous, which can significantly affect the payback
time from using biomass rather than fossil fuel. This high-
lights the need for temporal accounting of GHG emissions
for comparing biomass use with conventional energy
feedstocks in heating infrastructures in bioenergy policy
decisions (Pingoud et al., 2012; Pourhashem et al., 2016).

O’Hare et al. (2009), Kendall et al. (2009), and Levasseur
et al. (2010) were among the first studies that devel-
oped approaches to temporal accounting of GHG emis-
sions (Kendall et al., 2009; Levasseur et al., 2010; O’Hare
et al., 2009). O’Hare et al. (2009) developed a temporal
accounting method of GHG emissions using CO, decay
captured in the Bern cycle. They posit that this method
is analogous to economic discounting of CO, emissions
in future years, to compare irregular CO, emissions in a
crop-based biofuel product compared to the more regular
GHG emissions of conventional gasoline use for trans-
portation. Their method finds that early emissions in a
time horizon cause a higher radiative effect compared
to later emissions. Kendall et al. (2009) developed a time
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correction factor to account for time effects of GHG emis-
sions from LUC, using cumulative radiative forcing (CRF).
Schwietzke et al. (2011) implemented a time-based radia-
tive forcing (RF) method to assess the influence of contin-
uously increasing corn-ethanol production in the United
States due to the Renewable Fuel Standard government
mandate, highlighting a significant reduction over gaso-
line baseline RF estimates for minimum LUC emissions
(Schwietzke et al., 2011). However, those GHG reduction
benefits varied with varying analysis timeframes while
considering the expansion of corn for ethanol cultivation.
When uncertainty in indirect LUC emissions is consid-
ered, it overshadows the benefits of reducing GHG emis-
sion, as otherwise highlighted by the temporal accounting
approach, by one to two orders of magnitude. Cherubini
et al. (2011) developed a time-sensitive global warming
potential metric (GWP,;,) that considers temporal pulse
GHG emissions and atmospheric persistence of GHGs for
varying durations including 20-, 100-, and 500-years’ time
horizons. Another study by the same authors developed
a spatially explicit analysis of forest biomass use showing
that global warming (in gCO, eq.) increases with longer
forest turnover times as well as with larger amounts of left-
over forest residues (Cherubini et al., 2016). Schivley et al.
(2015) performed a time-series analysis of GHG reduc-
tion for a coal-fired power plant and report that co-firing
with biomass can reduce the life cycle impact (Schivley
et al., 2015). Overall, studies that use temporal accounting
methods have elucidated details on climate change im-
pact, elaborating on trends over time as well as at specific
points when GHG concentrations shift and introduce an
inflection point, reflecting a change in RF.

In addition to replacing fossil fuel with biomass-based
energy sources, bioenergy with carbon capture and stor-
age (BECCS) is recognized as a key strategy for limiting
global warming to 2°C (Fuss et al., 2018). Thus, we com-
pare BECCS used in biomass-DH with carbon capture
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and storage (CCS) added to natural gas-DH infrastructure.
Post-combustion CCS technology acts to arrest CO, from
flue gas and transport it by pipeline for storage in geologic
formations (Rhodes & Keith, 2005; Volkart et al., 2013). We
investigate the effect of CCS technology on RF as a func-
tion of time for natural-gas-based and biomass-based DH.
This study aims to apply a temporal analysis method to
compare alternative residential heating infrastructures—
conventional and DH—for feedstocks with asynchronous
emissions. Given that DH requires investment in infra-
structure, ongoing consumption of feedstock, and pos-
sible use of CCS/BECCS over a time horizon in which
the investment is applied, temporal accounting of GHG
emissions aims to understand the pattern of GHG emis-
sions and major shifts at specific time junctures when an
investment is made or a change occurs related to the GHG
emissions, such as LUC. A conventional heating (CH) in-
frastructure consists of independent heating units located
at each individual location, that is, buildings. In contrast,
DH infrastructure consists of a centralized CHP plant for
residences in neighborhoods supplied with heated water
or steam through insulated pipes for space heating pur-
poses. The production of both heat and power vastly im-
proves the efficiency of energy delivery in DH systems
and reduces the net GHG emissions owing to co-produced
electricity, which is credited via LCA (Bjornebo et al.,
2018). Figure 1 shows a schematic representing CH and
DH infrastructures. We use the RF LCA midpoint indica-
tor to measure the time-sensitive environmental impact,
measured in Watts m~2 MWh ™. RF captures the change in
environmental GHGs as changing amounts of heat energy
in Earth's atmosphere. It has been used in other tempo-
ral emissions studies (Levasseur et al., 2010; Pourhashem
et al., 2016). Its importance as a midpoint indicator within
the climatic cause-effect life cycle chain has been high-
lighted in a recent review in Levasseur et al. (2016). In ad-
dition, we use a metric that relates the CRF with a baseline

Electricity to grid
!

| | Heat to
FIGURE 1 Schematics of (a) [T—; i ' i i el
conventional heating (CH) and (b) district CHP
heating (DH) infrastructures. In CH, :L
the feedstock is combusted to produce
heated water in the boiler, which is then -
circulated through pipes within the
house. Whereas, in DH, a centralized | Sl | | el | -j L-,
conventional heat and power plant (CHP) [ _Aq,j_ i = ‘i
circulates residual heat to neighboring -—‘—L- | I | | ([
residences through insulated pipes for

space heating
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(b) pistrict heating (DH)
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scenario and pulse emission. To our knowledge, this study
is the first to combine temporal emissions modeling for
comparing residential heating infrastructures, feedstock
alternatives, and the addition of CCS.

2 | BACKGROUND

This research builds on the LCA and GHG abatement
framework for DH investment studied by Bjérnebo (2015)
and Bjornebo et al. (2018), who identified 10 economically
feasible locations, each with and without natural gas pipe-
line infrastructures, for implementing DH in New England,
USA (Table 1). The authors used location-specific hourly
heat load demand and system energy efficiency data with
CHP and DH equipment optimization to estimate feed-
stock choices by location (Henning, 1998, 1999; Henning
et al., 2006). Bjornebo et al. include heat demand estima-
tion and plant dimensioning to calculate future investment
while considering installation costs. The authors perform
a detailed LCA of DH systems employing natural gas and
biomass, finding a sharp reduction in GHG emissions due
to efficiency and electricity displacement credits compared
to centralized heating. The selected locations for DH appli-
cation have a negative GHG abatement cost (Table 1). We
consider the locations with natural gas pipelines to use nat-
ural gas-based CH or DH. Locations that do not have natu-
ral gas pipelines but have negative GHG abatement costs
are considered preferable for forest biomass-based DH.

3 | METHODS

We compare the RF resulting from GHG emissions
from CH and DH heating scenarios. We assume CH

infrastructure is pre-installed at the locations of interest.
Hence, we do not consider sunk GHG emissions from past
installations. Whereas DH requires installation; hence its
GHG emissions are included. In a DH system, the auxil-
iary heat from a CHP plant is the heat source. A piping
network to the district's residential buildings circulates
heated water or steam.

Table 2 lists the scenarios compared in this study. CH
and DH are two residential infrastructure choices com-
pared with heating oil, natural gas, forest residues, and
willow short-rotation crop feedstocks. We include scenar-
ios where CCS is applied to combustive CO, emissions.
Different scenarios examine the influence of belowground
soil carbon change from willow growth on the RF profile.
When unused, forest residue decays naturally, emitting
CO, to the atmosphere. We compare scenarios that in-
clude and exclude the GHG emissions from the natural
decay of unused forest residues to assess the CO, cost of
avoiding the natural decay of biomass when forest resi-
dues are available and used in heating infrastructures.
Willow short-rotation crop requires additional land man-
agement. Forest residue is economically favorable if avail-
able before investing in willow as feedstock. The scenarios
studied here highlight the environmental cost of not using
forest residues, even if available. The scenarios are com-
pared using a unified timeline (Section 3.1).

3.1 | GHG Emission timeline and
LCA boundary

We use the IPCC 100-year analysis method to estimate
GHG emissions (Kaito et al., 2014). We calculate the
RF effect of CO,, CH,, and N,O gases, over a 100-year
time horizon that includes the first 30 years of heating

TABLE 1 Heatdemand for 10 economically feasible and cost-effective conventional heating and district heating systems by locations

with and without access to natural gas pipelines

Natural gas available locations, Heat demand

state x10* MWh year*
Granby CDP, MA 5.8
Townsend CDP, MA 4.9
Dover CDP, MA 9.0
Norton Center CDP, MA 6.0
Gardiner city, ME 21.8
Groton CDP, MA 10
Monson Center CDP, MA 13.2
Rowley CDP, MA 8.3
Freeport CDP, ME 7.2
Belchertown CDP, MA 13.3

Source: Data adapted from table 4 in Bjornebo et al. (2018).

Forest residue available locations, Heat demand

state x10* MWh year™
‘Waldoboro CDP, ME 11.5
Ambherst CDP, NH 5.1
Hartland CDP, VT 2.8
Plattekill CDP, NY 11.4
Brownville, NY 9.2
Schaghticoke, NY 4.4
Schuylerville, NY 9.6
Alton CDP, NH 4.7
Gardiner CDP, NY 7.1
Fort Ann, NY 2.9
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TABLE 2 A summary list of scenarios for analysis. Scenario abbreviations presented here are utilized to explain results

Scenario includes (yes)

GISTFOR A SUSTAINABLE BIOECONOMY

1%
L

or excludes (no) forest BECCS or CCS
Infrastructure Feedstock residue decay enabled (yes/no) Scenario abbreviation
Conventional Heating oil, HO No No CH-HO
(decentralized) Yes CH-HO-Bdecay
heating, CH Natural gas, NG No CH-NG
Yes CH-NG-Bdecay
District (centralized) Natural gas, NG No No DH-NG
heating, DH Yes DH-NG-CCS
Yes No DH-NG-Bdecay
Yes DH-NG-Bdecay-CCS
Forest residue, BM N/A No DH-BM
Yes DH-BM-CCS
Willow, W No No DH-W-CW
DH-W-PHG
Yes DH-W-CW-Bdecay
DH-W-PHG-Bdecay
No Yes DH-W-CW-CCS
DH-W-PHG-CCS
Yes DH-W-CW-Bdecay-CCS

DH-W-PHG-Bdecay-CCS

Abbreviations: BECCS, bioenergy with carbon capture and storage; CCS, carbon capture and storage; CH, conventional heating; DH, district heating.

infrastructure operation. Experts recommend considering
a 100-year planning horizon for evaluating GHG emis-
sions in near-future policies (Myhre et al., 2013; Shine,
2009). Also, considering 100-year time horizon matches
with other studies that perform impact assessment using
aggregation approach and IPCC GWP 100a metric.

3.1.1 | Natural gas

The preferred locations for natural gas (Table 1) have ex-
isting distribution pipelines, needing no new natural gas
pipeline infrastructure. Hence, we do not consider emis-
sions from natural gas extraction, treatment, and trans-
portation for CH and DH scenarios. We consider GHG
emissions from natural gas use for the 30 production
years for natural gas with CH. For DH, we consider GHG
emissions from DH installation at the start of production,
GHG emissions from natural gas extraction, and natural
gas consumption for 30 production years.

3.1.2 | Forestresidue

Forest biomass residues left unused in the forest undergo
slow natural decay through heterotrophic respiration by
microorganisms (Palviainen et al., 2004; Vaviova et al.,

2009). Palviainen et al. (2004) found a positive correlation
between the natural decay rate and the high initial concen-
trations of atmospheric carbon and nitrogen within forest
residues (Palviainen et al., 2004). The complete natural
decay and release of stored carbon take years compared
to the immediate release of GHGs by combustion. We as-
sume GHG emissions related to forest residue decay occur
over 100 years when forest residues, although available,
are not used as feedstock during the 30-year production
period. When forest residue supplies DH infrastructure,
our calculations consider the GHG emissions from the
collection, transportation, and use every production year.

3.1.3 | Willow

Preparing existing cropland or pasture, hay, and grass-
land for willow cultivation requires 1 year, followed by
3-4 years of growth before harvesting (Pacaldo et al., 2013;
Volk et al., 2016). We assume 3-year rotation periods for
growing willow crops for analysis purposes, allowing an-
nual availability from 3 consecutive land plots (Heller
et al., 2003). Some studies confirm a 10%-20% increase per
generation of willow yield (Verwijst, 2001). We assume a
fixed willow feedstock demand for the heating infrastruc-
tures, with the planted willow cultivation able to meet the
stationary yearly location-specific demand along the 30
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production years. Fertilizer is applied at the first spring
season of every 3-year cropping cycle.

We consider GHG emissions from 4 years of land prepa-
ration, with the fourth year overlapping the (Oth year) in-
frastructure installation year and followed by the next 30
production years. Soil carbon change-related GHG emis-
sions (data sources described in Section 3.2) from the land
transition are quantified separately for the 2nd, 3rd, 4th-6th,
and 7th-30th years (Heller et al., 2003). We consider below-
ground soil carbon change for 100 centimeters of soil depth.
We include harvesting, chipping, and transportation-related
emissions for each production year. CO, uptake during wil-
low growth is aggregated for each production year.

The additional 4-year land preparation time for willow
cultivation extends our overall observation timeframe to
104 years. Figure 2 shows the unified timescale compar-
ing the different residential heating cases with different
feedstocks, natural decay of forest residues, and CCS.

We add the GHG emission balances unified over a time
series by year (y) to obtain the GHG emissions inventory,
represented in Equation (1). The negative sign for CCS of
CO, (Eccsgthy) from flue gas represents the CO, seques-
tered by CCS technology. Section 3.2 describes the data
sources used in this study.

Egtny= 2. (Bsoc, gihy+ Binfr, gihy )
+Eprodgthy + Birgtny tEccsgfhy) -

Egtny

infrastructure, and heating scenario, grams

=yearly greenhouse emission for GHGs, ;

Egoc = greenhouse emission from change in soil organic ;
carbon, grams

E.

infr = infrastructure installation based greenhouse ;

gas emission, grams

Epr0q =heat production based greenhouse gas ;

emission from feedstock use, grams

Ey, =greenhouse gas emission from decay of unused ;
forest residues, grams

Ecg = Carbon Capture and Storage of CO,from flue gas ;
g = greenhouse gas, CO,,N,0, or CH,; f = heating feedstock;
h = heading infrastructure; y = production year.

3.2 | Datasources and LUC accounting

Figure 3 visualizes the RF model calculation steps along
with the data inputs. The life cycle GHG emissions data
are based on life cycle inventory models developed by
Bjornebo et al. (2018) for the production and transporta-
tion processes for CH and for the DH infrastructure in-
stallation. Direct LUC GHG emissions from cropland
transformation are included in the analysis. Direct LUC
GHG emissions data are obtained from the carbon calcu-
lator for land-use change (CCLUB) tool (Dunn et al., 2013,
2017). CCLUB tabulates yearly soil organic carbon change
from LUC simulated by the CENTURY model's SCSOC
sub-model developed by Kwon and Hudson (2010). The
SCSOC sub-model estimates soil organic carbon changes
based on nonlinear soil kinematics equation, nutrient
recycling, plant growth, mass balance, and underground
water hydraulics. Also, Kwon and Hudson (2010) validate
the estimates with the CENTURY model's simulation
values. The CENTURY model was developed based on
data from agricultural lands in the upper Midwest USA
and 30 years of Swedish field experiments (Paustian et al.,
1992; Pedersen et al., 2004). Since the current study per-
forms a temporal analysis of emissions, the annual below-
ground soil carbon change emissions are converted to the

0 GHG emissions decay
A

PRODUCTION TIME FRAME—>
IMPACT TIME FRAME

Willow coppice 3-year rotations FOREST
/_\ RESIDUES FIGURE 2 Unified timeline showing
/-\ \m/_\ the different stages of the analysis for
| | WILLOW h .
— three feedstocks. The short-rotation crop
B _ 3 30 100 requires 1 year for land preparation and
)i
! 3 years for crop growth and harvest.
F'OI-eSt ResdlBsiaRay J Infrastructure-related emissions are added
CCs N ATURA'— GAS in the Oth year. The 30 years of production
L+ 0l infrastructure instalist - L are followed by GHG emissions present
| and preparatign year in the atmosphere, observed for the next
70 years. CCS is assumed to be active

for 30 years of production. CCS, carbon
capture and storage; DH, district heating;

GHG, greenhouse gas
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Life cycle boundary parameters:

1. Location selection through economic optimization
2. Feedstocks: natural gas, forest residues, willow
. Infrastructures: DH and CH
4. Timeframe in years: [3 LUC/installation + 30 production + 70 observation]
5. GHGs: CO,, CH,, N,O

Life cycle GHG emissions (a)

Belowground soil carbon For willow crop

sequestration (b)

Land use change

(CCLUB SCSOC) (c)

For willow crop

. Exponential decay rate: 0.05
Forest residue carbon decay (d)

Carbon Capture and Storage (e)

() |
)

Temporal decay
of GHGs

Radiative forcing

[ECCBemieveeit) Measure of earth’s heating

(W m~2year-! MWh-1)

FIGURE 3 Model components and data flow within the life cycle boundary for the comparative analysis of CH and DH scenarios.

RF is estimated as a function of time. The letters referred to in the figure are marked for data sources and methods: (a) economic and

environmental optimization study for location set per feedstock use and life cycle GHG emissions modeling (Bjornebo et al., 2018), (b)

belowground soil carbon sequestration for willow crop plantation (Pacaldo et al., 2013), (c) land-use change-based GHG emissions for

growing willow crop (Dunn et al., 2017) and adapting to a temporal scale (O’Hare et al., 2009), (d) natural decay of forest residues releasing

the carbon after microbial oxidation (Harmon et al., 2000), (e) CO, capture and storage, and energy penalty from CCS (Saint-Pierre &

Mancarella, 2014), and (f) application of Bern model to atmospheric GHG decay for the temporal GHG emissions data (Cherubini, Peters,

et al., 2011; Forster et al., 2007; Levasseur et al., 2010). CCS, carbon capture and storage; CH, conventional heating; DH, district heating;

GHG, greenhouse gas; RF, radiative forcing

temporal scale, using the approach described in Davidson
and Ackerman (1993) and O’Hare et al. (2009). Of all the
belowground soil carbon lost, 80% is assigned to the first
5 years equally and the remaining 20% to the remaining
95 years. We do not account for aboveground GHG emis-
sions and aboveground soil carbon change from historic
land use in our calculation of direct LUC GHG emissions.
For example, historic GHG emissions from grasslands
used for grazing livestock prior to year 0 in the time ho-
rizon defined are not included in our time-series dataset
as we assume that to be the carbon burden of historical
grassland use.

We implement an exponential decay function for for-
est residue to represent its natural decay with —0.05 as
the decay constant based on one-time regression analysis
for birch species in a study by Harmon et al. (2000). That
study considered the decay dynamics for several tree spe-
cies in northwest Russian forests, which have cooler sum-
mers than the Northeastern United States. Higher average
monthly temperatures in the Northeastern United States
should facilitate more rapid decay. Hence, we consider the
highest decay rate to represent our diverse species’ forest
residue decay among the three experimentally studied
species in Harmon et al. (Table 2; Harmon et al., 2000).

We assume post-combustion CCS technology's imple-
mentation increases installation-based emissions by 30%,
considering a 10% higher uncertainty over the 20% value
estimated by Singh et al. (2011). We consider CCS a car-
bon emission reduction technology for the centralized DH

facilities only as it is not practical for decentralized CH.
CCS with the monoethanolamine solvent-based CO, ex-
traction process has an approximate 90% efficiency in cap-
turing CO, in the flue gas. Such efficiency is considered
realistic with existing technology as studied by Gelfand
et al. (2020), Kunze and Spliethoff (2012), Middleton and
Bielicki (2009), and Saint-Pierre and Mancarella (2014)
and suggested in IPCC 2005 projections (Metz et al.,
2005). Additional energy demand for CCS operations is
assumed available from onsite CHP plants at DH facilities.
We apply the energy penalties, reported by Saint-Pierre
and Mancarella (2014), consist of solvent regeneration
(1.25 MWh tCO, %), CO, compression (0.07 MWh tCO, ™),
and auxiliary power (0.043 MWh tCO, ™). We assume suf-
ficient biomass and natural gas feedstocks are available
to satisfy the additional energy demand from CCS imple-
mentation. CO, emissions from CCS energy penalties are
also considered available for carbon storage. A detailed
CCS process description for heat and power plants is avail-
able in the literature (Moser et al., 2011; Rubin & Zhai,
2012; Volkart et al., 2013). The change in CO, concentra-
tion in the atmosphere due to CCS is considered annually
for the 30 years of space heating.

3.3 | GHG emission decay and RF

The temporal RF calculation presented in this study
is adapted from Schwietzke et al. (2011) as it provides
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a stepwise approach to expand the temporal analysis
framework across multiple scenarios. We calculate the
yearly GHG emissions and carbon uptake from the at-
mosphere by crops as per Equation (1). Furthermore,
the Bern model-based GHG emissions decomposition is
implemented on life cycle inventory data to calculate the
net sustained atmospheric GHG emissions in the atmos-
phere (Cherubini et al., 2011; Strassmann & Joos, 2018).
Equation (2) represents the total atmospheric GHG emis-
sions change (either positive or negative) as a function of
different greenhouse gases, feedstock, heating infrastruc-
ture, and the study year. The persistent emission, ¢y,
component of Equation (2) is calculated by applying the
Bern model, as per Equation (3). Next, the GHG emission
effect is studied using RF.

Etotal,g,f,h,y = yearly,g,f,h,y + Epers,g,f,h,y’ (2)

-1
Epers,g,f,h,y = ZfBern (Eyearly,g,f,h,t) s (3)
t=0

E, a1 = total greenhouse gas emission, grams ;

Epers =persistent greenhouse gas emission from the ;

last years, grams

fgern =function calculating persistent greenhouse gas,
as per bern cycle model

We aggregate CO,, CH,, N,O GHGs influence into CO,
equivalence with each gas's atmospheric residence func-
tion (Forster et al., 2007). Equation (4) describes the RF
calculation, where emission factorg represents the GHGs
specific radiative efficiencies based on CO, equivalence
with values of 1.42 X 1072, 0.37, and 3.03 Watts m > ppm_1
for CO,, CH,, N,0 GHGs, respectively.

RFghy = ZEtotal,g,f,h,y X Ag X Ry, 4)
g

RF =radiative forcing from greenhouse gas emission, ;
wattm 2 MWh™!

Ag =change in atmospheric concentration of ;
GHGs, ppmg™*

R, = emission factor for GHGs,wattm™?ppm™~".

In addition to assessing the RF over observation years,
we calculate the relative change in CRF of alternative
residential heating scenarios compared to the heating oil
CH-baseline scenario. The global warming factor (GWF)
formulation is similar to the GWP metric. However, it is
estimated for every production year to realize the temporal

change over 100 observation years. GWF also represents
the number of orders of magnitude change over 1 kg
pulse CO, emission every 30 production years. Equation
(5) calculates the GWF for the studied scenarios. A similar
mathematical approach is considered to define the ILUC
factor by Kleverpris and Mueller (2013).

CRFf,h,y - CRFbaseline,y ( 5)

GWFypy =
fhy CRFco, putsey

GWF, = global warming factor calculated yearly, MWh™ ;

CRF;y, = cumulative radiative forcing for feedstock f
bggﬁggrélﬁ%%hlative radiative forcing for heating

oil conventional heting scenario ;
CRF o, puise = cumulative radiative forcing from.

1kg CO, yarly pulse emission

The temporal modeling to assess RF for scenarios listed
in Table 2 is performed using the R programming environ-
ment (R Core Team, 2018).

4 | RESULTS AND DISCUSSIONS
4.1 | Radiative forcing

The GHG emissions from each location considered (Table
1) were tracked individually over 100 observation years.
Figure 4a shows the RF profile comparison for the natural
gas and biomass-based heat demand scenarios by location
and the influence of GHG emissions due to variation in
feedstock and infrastructure choice. Overall, the RF pro-
files increase or decrease consistently from the Oth year of
infrastructure implementation to the 30th year, the end
of production. After the 30th observation year, RF is in-
fluenced by accumulated GHGs in the atmosphere and
additional CO, released from unused forest residue de-
caying naturally. Scenarios with BECCS/CCS show pro-
nounced negative emissions (Figure 4b). Both the Oth and
30th years correspond with a pronounced inflection point
in RF for BECCS scenarios. Scenarios with soil carbon se-
questration and BECCS stop sequestering CO, at the 30th
observation year. The coefficient of variation (CV) of RF
across the locations per unit heat demand in the 30th ob-
servation year is 5% and 6% for NG-CH and NG-DH cases,
respectively. Heating scenarios without natural gas pipe-
lines have a CV of 18% DH-BM, 14% DH-W-CW, and 6%
DH-W-PHG.

The RF for both HO scenarios is several orders of magni-
tude greater than all other scenarios at each timestep and is
reported separately (Figure S1). The RF in CH-HO is large
compared to all DH scenarios due to the CHP electricity
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FIGURE 4 Spatially varying RF (W m~> Mwh™") as a function of time for the alternative feedstocks and heating infrastructure
scenarios, (a) without CCS consideration and (b) with CCS consideration. A soil depth of 100 cm is considered for an accounting of soil
carbon sequestration. CCS, carbon capture and storage; CH, conventional heating; DH, district heating; GHG, greenhouse gas; RF, radiative

forcing

TABLE 3 Radiative forcing (RF) values for the various residential heating scenarios at the end of production and observation years

Scenario abbreviation

CH-HO
CH-HO-Bdecay
CH-NG
CH-NG-Bdecay
DH-NG
DH-NG-CCS
DH-NG-Bdecay
DH-NG-Bdecay-CCS
DH-BM
DH-BM-CCS
DH-W-CW
DH-W-PHG
DH-W-CW-Bdecay
DH-W-PHG-Bdecay
DH-W-CW-CCS
DH-W-PHG-CCS

DH-W-CW-Bdecay-CCS
DH-W-PHG-Bdecay-CCS

Median RF at the end of production years®

(Wm>MWh™)
5.06 x 1070
5.15 x 107'° (2%)
1.06 x 1071
1.87 x 1071 (43%)
9.66 X 10~ **
—2.44 x 107 (353%)
1.80 x 1071 (46%)
—1.61 x 10 (189%)
1.99 x 1071
—3.81 x 107! (>500%)
—5.29 x 107"
—5.97 x 107"
5.27 x 10712 (200%)
9.96 X 10712 (>500%)
—4.41 x 107" (>500%)
—3.91 x 107! (>500%)
—3.35x 107" (>500%)
—2.86 x 10~ (387%)

Median RF at the end
of observation years®
(Wm>MWh™)
2.63x 10710
2.75 x 1071 (5%)
5.65x 107
1.72 x 1071 (67%)
5.22 x 107 '
—1.51 x 107 (389%)
1.68 X 107 (69%)
—3.48 x 1072 (120%)
126 x 107"
—2.27 x 107 (>500%)
—3.76 x 1072
—437x 107"
8.90 x 107'% (337%)
1.22 x 10~ (>500%)
—2.69 x 107! (>500%)
—2.34 x 107 (>500%)
—1.42 x 107" (>500%)
—1.07 x 10~ (>500%)

*Percentages in parentheses for scenarios with biomass decay show % increase in RF estimate when biomass decay is considered. Percentages in parentheses
for scenarios with carbon capture and storage (CCS) show % decrease in RF estimate with respect to non-CCS scenarios. Scenarios with excessive differences

are shown as >500%.

credit. Moreover, the biomass decay contribution to CH-
HO is insignificant, with the CH-HO and CH-HO-Bdecay
approximately overlapping. The RF in the CH-OH scenario
is 97% higher in the 30th year than the RF in the CH-NG
scenario. When unused forest residue decay is considered,
the CH-HO-Bdecay scenario has a 97% higher RF in the 30th

year compared to scenarios with centralized heating with
natural gas (CH-NG-Bdecay). We include Table 3, which ac-
companies Figure 4, to explain the increase or decrease in RF
at the end of the production and observation years. One of
the features of the DH with willow grown on cropland (DH-
W-CW) is that when coupled with CCS (DH-W-CW-CCS), its
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RF declines by more than 500%. Moreover, even when forest
residue decay is included, the RF for DH with willow grown
on cropland and CCS (DH-W-CW-Bdecay-CCS) still declines
by more than 500%.

Conventional heating and DH with natural gas have simi-
lar RF effects due to the high efficiency of equipment in both
infrastructures. When unused forest residue decay is con-
sidered, CH-NG-Bdecay and DH-NG-Bdecay scenarios have
a 43% and 46% higher RF in the 30th observation year, re-
spectively. At the 100th observation year, the adverse effect of
unused forest residues increases the RF by 67% and 69% for
CH-NG-Bdecay and DH-NG-Bdecay scenarios, respectively.
Hence, the environmental cost of not using available forest
residue and letting it decay naturally significantly influences
the RF performance of natural-gas-based residential heating.
For equivalent scenarios of DH with natural gas, implemen-
tation of CCS incurs an energy penalty due to additional
burning of natural gas, from which 90% of CO, emissions are
sequestered, showing negative emissions per unit space heat-
ing demand (Figure 4b). Using forest residue as feedstock
expedites C emissions from forest residue but avoids GHG
emissions from fossil fuels. DH-BM is 90 times and 4 times
lower in RF in the 30th observation year and 133 times and
6 times lower in RF in the 100th observation year, compared
to DH-NG-Bdecay and CH-NG-Bdecay, respectively. There is
a tremendous reduction in RF when available forest residues
are used for residential heating, replacing natural gas. For for-
est residue biomass use in the DH scenario with CCS, a large
negative RF is observed, which is due to capturing CO, emit-
ted from space heating as well as additional forest residues
used to satisfy the energy penalty of the CCS infrastructure.

Growing willow feedstock requires 4 initial years for
land preparation, where the fourth year overlaps with
the installation of DH infrastructure. LUC emissions
from converting cropland (CW) to willow immediately
increase soil carbon, producing a negative RF; this con-
trasts with the positive RF caused by LUC emissions from
converting pasture, hay, grasslands (PHG) to willow cul-
tivation. Although willow growth contributes to soil car-
bon sequestration, the benefit of using willow feedstock
diminishes for DH-W-PHG, compared with DH-W-CW.
However, both scenarios show negative RF for the 100
observation years. The DH-W-PHG-Bdecay and DH-CW-
Bdecay scenarios, where forest residues are unused and
left for natural decay, significantly influence the RF pro-
file. DH-W-PHG-Bdecay shows positive RF for all obser-
vation years, and DH-CW-Bdecay shows positive RF from
the 19th observation year. With CCS technology, DH-W-
PHG-CCS and DH-W-CW-CCS both show negative RF
for 100 observation years with 50% more RF savings in
CW LUC compared to PHG LUC in the 30th observation
year. With CCS technology and when forest residues are
left to decay naturally, the DH-W-PHG-Bdecay, CCS, and

DH-W-CW-Bdecay stop being RF negative in the 26th and
39th observation years, respectively. Hence, this compar-
ison shows that willow's use for DH has a high carbon-
negative potential if LUC is carefully planned and selected
only in the absence of available forest residues. Willow
feedstock for the DH scenarios for either CW or PHG LUC
are lower in RF than forest residue scenarios.

There is an additional negative RF for the DH scenarios
with CCS attributed to the capture of 90% of CO, emissions
from additional feedstock needed to operate the CCS infra-
structure, which may not be considered a benefit. CCS im-
plementation significantly reduces (and renders negative)
net RF across the timeline for all DH scenarios (Figure 4b).
The much lower RF for scenarios with CCS is attributed
to the additional feedstocks consumed by CCS operation;
however, this negative RF may be considered a result of
sub-optimal use of biomass resources. Hence, CCS may not
be feasible when biomass resources are limited.

4.2 | Global warming factor

While the RF metric estimates the temporally varying
environmental impact of the different space heating sce-
narios, GWF helps to quantify the fraction change in RF
compared to one unit pulse emission allowing comparison
to the baseline heating oil scenario. Considering CH-HO
as the baseline scenario, we calculate the GWF over the
100 observation years. A negative GWF indicates that the
scenario's CRF effect is lower than the baseline scenario.
The absolute value of the GWF shows the number of times
CRF is higher than a 1 kg CO, pulse emission for every 30
production years. Figure 5 shows the GWF over 100 ob-
servation years for selected scenarios. All scenarios are not
shown as they overlap. Negative GWF is seen across all sce-
narios, showing a significant advantage over the CH-HO
baseline scenario across the observation years, except for
DH with willow grown on PHG. The willow use causing
LUC scenario initially sees high GWF for the first year due
to LUC. It immediately becomes negative, from the second
production year, as soil carbon sequestration and avoid-
ance of fossil emission benefits are established. Hence, the
GWEF metric further highlights the improved environmen-
tal performance of alternative space heating scenarios, jus-
tifying the transition from CH oil-based infrastructure to
natural gas or biomass-based space heating infrastructure.

4.3 | Willow SOC scenarios

Willow production consists of 4 years where the first year
involves land preparations and the subsequent 3 years
involve planting willow crop rotations. GHG emissions
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in the fourth year relate to DH infrastructure installa-
tion. The next 30 years consider DH-production-based
GHG emissions. The climate change benefit of soil car-
bon sequestration, contributing to an increase in soil or-
ganic carbon from growing willow, is simulated from the
fifth production year. Considering soil carbon sequestra-
tion for temporal accounting of RF from growing short-
rotation willow crop significantly impacts the temporal
emissions profile over the 104 observation years (Figure
6). The advantage of growing willow on cropland is that

25 50 75 100
Observation years

its negative RF is pronounced due to an increase in soil
organic carbon from growing willow. If there were no soil
carbon sequestration, DH with willow grown on pasture,
hay, and grassland could not be classified as a RF-negative
scenario.

The land selection decision for willow cultivation is
most significant when using the feedstock in DH infra-
structure planning to minimize the yearly GHG emissions
for 104 observed years. Both biomass cases have lower RF
than natural gas. The additional benefit of short-rotation
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feedstock crops can be harnessed by targeting appropriate
lands at the beginning of the project.

5 | CONCLUSION

Radiative forcing as a metric to address temporally asyn-
chronous life cycle GHG emissions elucidates the timing
of climate change impacts related to infrastructure instal-
lation, fuel combustion, CO, uptake by soils used to grow
biomass, and different biomass sources. Thus, it can sup-
port the selection of residential space heating investment
to mitigate climate change. The RF metric enables evalu-
ating the climate change impact of space heating technol-
ogy at annual timesteps in a planning horizon. Spikes or
inflection points in GHG emissions can occur at differ-
ent junctures of a heating infrastructure life cycle, which
can have a prolonged climatic effect. Information on the
climatic effects of those spikes is lost when aggregating
time-series GHG emissions data. Our analysis compares
conventional and district space heating scenarios with
alternative feedstocks while preserving temporal infor-
mation over the production timeline. Despite the initial
carbon cost from infrastructure investment into DH, for-
est residues and short-rotation willow reduce GHG emis-
sions as early as the fifth production year when soil carbon
sequestration benefits are realized, compared to heating
oil scenarios, the dominant space-heating energy source
in the U.S. Northeast. Using CCS technology to sequester
CO, from flue gas is effective in reducing RF from space
heating; however, CCS technology itself incurs a signifi-
cant energy penalty and additional biomass consumption
beyond supplying heat and power. This should be taken
into consideration if planning its implementation.

One limitation of this work is that we consider a total
of 20 locations, 10 for natural gas, and 10 for forest residue
use, in residential heating based on economically feasible
biomass availability. While our heat demand estimation
and boundary assumptions related to heating infrastruc-
ture (central or DH) provided a good estimate of variabil-
ity related to the quantity of energy supplied, it does not
estimate sub-variables related to forest residues, namely,
decay rates over the 30 years of operation and 100-year
time horizon of RF estimation. This imitation could be im-
proved with better location-specific data on biomass decay
and soil carbon change and sequestration for climate con-
ditions in the Northeastern United States. Further analy-
sis of parameter uncertainties in the time-dependent RF
model could also consider an optimization approach to
select low GHG emitting biomass feedstocks (Field et al.,
2018; Kar et al., 2020). If combined with multi-objective
optimization, such an approach can optimize space

heating alternatives while considering temporal varia-
tions in soil properties, feedstock availability, and changes
in temporal heat demand while using biomass feedstocks
to mitigate atmospheric CO,.
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