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Abstract

In this article, we modify bioenergy model MiscanFor investigating global and UK
potentials for Miscanthus x giganteus as a bioenergy resource for carbon capture in
the 21st century under the RCP 2.6 climate scenario using SSP2 land use projections.
UK bioenergy land projections begin in the 2040s, 60 year average is 0.47 Mega ha
rising to 1.9 Mega ha (2090s). Our projections estimate UK energy generation of
0.09 El/year (60 year average) and 0.37 El/year (2090s), under stable miscanthus
yields of 12 t ha™! year_l. We estimate aggregated UK soil carbon (C) increases of
0.09 Mt C/year (60 year average) and 0.14 Mt C/year (2090s) with C capture plus
sequestration rate of 2.8 Mt C/year (60 year average) and 10.49 Mt C/year (2090s).
Global bioenergy land use begins in 2010, 90 year average is 0.13 Gha rising to
0.19 Gha by the 2090s, miscanthus projections give a 90 year average energy genera-
tion of 16 El/year, rising to 26.7 EJ/year by the 2090s. The largest national capabilities
for yield, energy and C increase are projected to be Brazil and China. Ninety year aver-
age global miscanthus yield of 1 Gt/year will be 1.7 Gt/year by the 2090s. Global soil
C sequestration increases less with time, from a century average of 73.6 Mt C/year to
42.9 Mt Clyear by the 2090s with C capture plus sequestration rate of 0.54 Gt C/year
(60 year average) and 0.81 Gt C/year (2090s). M. giganteus could provide just over
5% of the bioenergy requirement by the 2090s to satisfy the RCP 2.6 SSP2 climate
scenario. The choice of global land use data introduces a potential source of error.
In reality, multiple bioenergy sources will be used, best suited to local conditions, but
results highlight global requirements for development in bioenergy crops, infrastruc-

ture and support.
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As a bioenergy crop, Miscanthus x giganteus (M x g) is
an obvious choice for growers. It thrives on poor soils; it
requires few farm operations except annual harvest. It can
use existing farm machinery and skills, it withdraws nutri-
ents into the rhizome at senescence to be reused the fol-
lowing season and has a high water efficiency compared
to other arable crops (McCalmont et al., 2017). As such, it
can thrive on waste land, or poor agricultural soils which
provide insufficient economic returns for food crops. After
planting, no tillage is required, and mature rhizomes re-
quire no fertilizer; hence, the greenhouse gas (GHG) emis-
sion from this crop is low compared to arable crops and
intensive grassland. McCalmont et al. (2017) state that
with an offtake of 1015 t DM ha™' year™, the organic
N in harvest material taken from a site would range be-
tween 49 and 73.5 kg N/ha. Accounting for an atmospheric
N deposition rate of 35-50 kg N ha™' year™' (Goulding
et al., 1998), McCalmont et al. suggest that miscanthus is
unlikely to benefit greatly from inputs of N unless it was
being established in very low fertility soils; hence, we have
assumed this to be true for the majority of global bioenergy
crops that no nutrients are needed after the first 2 years rhi-
zome growth.

Biomass from miscanthus is considered a C-neutral re-
source whether or not the soil C stocks increase (Robertson
et al., 2017) that can be burnt for heat, electricity or com-
bined heat and power in localized energy plants, with or
without C capture and storage (CCS). Its potential to in-
crease soil C and the potential for CCS make it all the more
advantageous as a fuel in a climate requiring mitigation of
carbon dioxide (CO,). Rising prices of oil and gas and cost
reductions in the production of bioenergy systems increased
the competitiveness of biomass for energy use in the early
2000s (Schlamadinger, Faaij, Junginger, Daugherty, &
Woess-Gallasch, 2006), but recent technology advances in
shale hydrocarbon extraction have reduced the price of oil
and gas and this advantage. However, the urgency of climate
mitigation makes this an important resource as a C neutral

fuel. Perennial miscanthus has energy output/input ratios
10 times higher (McCalmont et al., 2017) than annual crops
used for energy, the total C cost of energy production is
20-30 times lower than fossil fuels and N,O emissions can
be five times lower under unfertilized miscanthus than an-
nual crops and up to 100 times lower than intensive pasture.

MiscanFor (Hastings, Clifton-Brown, Wattenbach, Mitchell,
& Smith, 2009) is a model which provides projections of bio-
energy crop growth and power generation (developed from the
MISCANMOD model of Clifton-Brown et al., 2001). It can be
tailored to various crops, including M x g. It is a daily mechanis-
tic simulation requiring soil and climate databases, and outputs
average annual values on a grid point basis globally. Input is facil-
itated via a Java interface, and output supplied in the form of data
files and plots. The MiscanFor model is process-based mixed
with empirical components. An overview of the model before we
modified it can be seen in Figure 1.

The original model before we added capability is a work-
ing model providing crop yield, power generation and envi-
ronmental variables, and the following is a description of the
pre-modified model.

Dry matter assimilation is calculated from the fraction of
radiation intercepted by the canopy (dependant on leaf area
index [LAI], an extinction coefficient and photosynthetically
active radiation), modified by radiation use efficiency and an
overheating factor.

MiscanFor includes crop growth parameters for M x g.
The model has an accounting mechanism for persistent high
soil water deficit and low temperature thresholds which kill
the crop (60 days below —7°C and 60 days below permanent
wilting point). MiscanFor reduces assimilate (also known as
photosynthate) production over a leaf temperature threshold
of 28°C. Both the increase and senescent decline of LAI are
linearly related to the degree day accumulation above a thresh-
old value. There are six phenological stages of crop develop-
ment and senescence: thizome dormancy, shoot development,
leaf development, leaf senescence, plant senescence, and peak
harvest. These stages are determined by reaching degree day
thresholds and can be triggered by environmental events such
as drought and temperature thresholds and frost occurrence.

Inputs Outputs
di Simulation:
imate
T ==
Soil moisture, degree days, photo-period
soil Growth
properties e Calculate assimilate from photosynthesis
with growth and senescence stages —
Land use S CO, equivalent emissions Energy
. Energy generated in furnace : Energy to produce S,
Geographical
area and TS Carbon emissions energy generation: Emissions
year range carbon emissions to produce FIGURE 1 MiscanFor model before
modification
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Average annual crop yields of dry matter biomass include
years of zero crop yield when crops are drought- or frost-
killed. Hence, crops in a hostile environment will show a
lower average yield, even if some years obtain high yields, in
order to make realistic predictions and not generate unrealis-
tic expectations for the growers and energy industry.

MiscanFor includes GHG emission and energy cost calcu-
lations, based on Sims, Hastings, Schlamadinger, Taylor, and
Smith (2006), Clifton-Brown, Breuer, and Jones (2007), St
Clair, Hillier, and Smith (2008) and Hastings et al. (2008). It
calculates a life cycle analysis of C cost from anthropogenic
energy and CO,-C equivalent emission using an internal da-
tabase of global coefficients for ground preparation, machin-
ery and initial rhizome production. Soil CO,-C equivalent
emissions are calculated from the difference between initial
soil C at the time of crop establishment and the estimated soil
organic carbon (SOC) at the end of the crop cycle. Net energy
generated is the energy generated minus latent heat and the
energy cost of feedstock production.

MiscanFor uses the global International Geosphere-
Biosphere Programme (IGBP) soil and land use parameters
database (Global Soil Data Task Group, 2000) at a resolution
of 5 X 5 arc minutes. It has also used the HSWD soil data on
a 30 x 30 arc-second grid in Hastings et al. (2014). It uses the
Climate Research Unit Time Series (CRU TS) 4.01 climate
data for 1901-2016 (Harris & Jones, 2017), HADCM3 A1F1,
A2, B1 and B2 2000-2010, and the UK Climate Projections
2009 (UKCPQ9) global climate projections (UKCPOQ9, 2018)
for 2001-2100, all at 0.5° scale. MiscanFor has previously
been successfully tested against yield observations from
across the United Kingdom, China, Japan and Korea and
Europe (Hastings et al., 2009).

Hastings et al. (2008) reported overestimations at lower
latitudes and arid climates. A modification of photosynthetic
production with climate is required. In addition, MiscanFor
is sensitive to climate parameters creating vulnerability to
drought (Pogson, Hastings, & Smith, 2012). Both these is-
sues have been traced back to crop and water processes. New
databases available can provide parameters which will allow
for updates on processes.

RCP 2.6 (IPCC, 2014) is a greenhouse gas trajectory
based on an IPCC socio-economic pathway which limits
global warming to 2°C and assumes an increasing reliance
on Bioenergy with Carbon Capture and Storage (BECCS).
It is estimated that BECCS will produce global electricity
generation of up to 300 El/year (Rogelj et al., 2015) and
store 616 Gt CO, (Mander, Andersona, Larkin, Gough, &
Vaughan, 2016) cumulatively by 2100. In order to check what
a contribution a bioenergy feedstock can make to this figure,
we need a reliable projection of bioenergy feedstock yield for
energy production C accounting, and for this, we need a ro-
bust model for bioenergy. Our remit is to further enhance the
MiscanFor model, in order to assess the global contribution

="BIOENERGY._

potential of miscanthus bioenergy to RCP 2.6 requirements
using only M x g as a feedstock.

RCP 2.6 assumes that global annual GHG emissions
peak between 2010 and 2020, with emissions declining
substantially afterwards (Meinshausen et al., 2011) due
to C mitigation measures. The RCP 2.6 scenario can use
Shared Socio-economic Pathways known as SSPs (Riahi
et al., 2017) which provide flexible descriptions of possible
futures within each RCP. MiscanFor does not calculate land
use; it requires it as an input. Integrated assessment models
(IAMs) can calculate land use projections accounting for the
SSP requirements, involving demographic, technological,
economic, social, cultural and political interactions. In this
study, we have used published global gridded bioenergy land
use data for SSP2 projections (van Vuuren et al., 2011, 2017),
which have been reviewed by Vaughan et al. (2018) as being
ambitious but consistent with current relevant literature with
respect to assumed biomass resource and land use.

2 | METHODS AND MATERIALS
See Table 1 for a list of the acronyms used throughout this
article.

2.1 | MiscanFor modification

We have updated MiscanFor and extended its capability in
a variety of ways (Figure 2), to include new land use and
climate databases, an extended interface, addition of a soil
C and litter decomposition module, updating the evapotran-
spiration method, modified downregulation of stress-related
assimilate production, added groundwater support and adi-
abatic temperature modification.

Step 1: The MiscanFor soil database has been modified
to use either the global IGBP soil database at a resolution
of 5 X 5 arc minutes (global or continental simulations) or
the Harmonized World Soil Database (HWSD) global soil
database (Wieder, Boehnert, Bonan, & Langseth, 2014) cur-
rently implemented for the United Kingdom at a resolution of
30 x 30 arc-seconds (national or regional simulations).

Step 2: Climate scenarios have been updated to use the
[PCC RCP 2.6 SSP2 climate and social development pathway
(IPCC, 2007). Climate projections covering the years 2006—
2099, corresponding to this pathway, were produced from
the Met Office Hadley Centre climate model HadGEM2-ES
(Collins et al., 2011; Martin et al., 2011). These data were
downscaled to 0.5° and bias-corrected to calibrate with
WATCH observed climatology over 1960-1999 (Hempel,
Frieler, Warszawski, Schewe, & Piontek, 2013).

Step 3: We have used van Vuuren et al. (2017) gridded
bioenergy land use for SSP2 projections as input data to
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TABLE 1 Acronyms

Acronym Full name/description

IPCC Inter-governmental Panel on Climate Change

RCPs Representative Concentration Pathways,
greenhouse gas concentration trajectories

RCP 2.6 Climate projection commonly referred to under
the same name as its RCP

SSP2 Shared Socio-economic Pathway

BECCS Bioenergy with Carbon Capture and Storage

CCS Carbon Capture and Storage

GGR Greenhouse Gas Reduction

GHG Greenhouse Gas

CO,-C Carbon dioxide mass in terms of its carbon
only

CRU Climate Research Unit at University of East
Anglia

TS4.01 Time-Series (TS) vsn 4.01 of high-resolution
gridded historical climate data

HadGEM2-ES Hadley Centre climate model providing
RCP2.6 climate projection

HADCM3 Older Hadley Centre climate model

MiscanFor Bioenergy crop yield, environmental and
power generation model

IAM Integrated Assessment Model

IMAGE Integrated assessment model which provided
land use input data for this study

GUI Graphic user interface, the front and visible
part of a model

IGBP International Geosphere-Biosphere Programme
5 arc min soils database used

HWSD Harmonized World Soils Database 30 arc sec
soils database used

Mxg Miscanthus x giganteus

RUE Radiation Use Efficiency, modelling link
between photosynthesis and radiation

RUEDR Radiation Use Efficiency Down-Regulation

TrueDR Temperature Radiation Use Efficiency
Down-Regulation

LeafTDR Leaf Temperature Down-Regulation

DM Biomass Dry Matter Biomass, standard biomass
measurement without moisture

LAI Leaf Area Index

Net energy Power generation output minus energy input to
Zrow crop

EJ ExaJoule or 1 x 10'® Joules

MJ MegaJoule or 1 x 10° Joules

Mha Mega hectare or 1 x 10° ha

MiscanFor; this was created for the van Vuuren study by the
IMAGE IAM (Stehfest, Van, Vuuren, Kram, & Bouwman,
2014). The bioenergy land use changes through the decades

and shows a global increase over the 21st century. SSP2 land
use projections for bioenergy are provided from simulations
of the IMAGE IAM in the form of a global mask of grid
squares at 0.5° (Figure 3) containing a value for the fraction
of bioenergy land use through the 21st century (Daioglou,
Doelman, Wicke, Faaij, & Vuuren, 2019; Doelman et al.,
2018). The SSP2 data also contain the fraction of area per
grid square for bioenergy land use. MiscanFor contains the
option to either use the SSP2 bioenergy land use or retain
the pre-modified version's broader land use from the IGBP
database. The IMAGE-derived SSP2 bioenergy data set
contains pre-calculated locations of bioenergy land use on
a global 0.5° grid. The IGBP land use gives the grassland,
arable and built-up land use, and the model allows the user
to choose a percentage use of the grassland or arable land
replaced by bioenergy crop on a 5 arc minute grid. For this
study, we use the SSP2 land use.

Step 4: An extended interface has been created.
MiscanFor has a Java graphical user interface (GUI) con-
taining default values which can be edited. The user can
set spatial and temporal boundaries, percentage use of
bioenergy crops on existing land use, crop growth, envi-
ronmental, efficiency and economic parameters. Many pa-
rameters previously contained within the model are now
displayed external and editable in the GUI, notably crop
growth parameters, which will allow ease of future simu-
lations of different miscanthus varieties or other crops and
trees (Figure 4).

Step 5: We have provided two options to simulate evapo-
transpiration. The Penman—Monteith (FAO method, Allen,
Pereira, Raes, & Smith, 1998) is commonly implemented in
crop growth models and requires wind speed, which updated
climate projection databases now supply. The CRU TS4.01
provides a Penman—Monteith potential evapotranspiration,
but if older CRU historical climate or HADCM3 scenarios
are used, they lack wind speed data so the Thornthwaite
evapotranspiration calculation is used.

Step 6: We have added groundwater support and adiabatic
lapse rate of temperature to national scale, which further dis-
cerns differences and enhances spatial resolution. The HWSD
soil database is used for national scale and contains ground-
water support data. This groundwater classification enables
a modification of the initial amount of soil water at the start
of each year according to the groundwater category of the
data. Elevation data have been obtained from the CGIAR-CSI
website (Jarvis, Reuter, Nelson, & Guevara, 2008) and aver-
aged to the spatial resolution of both the soil and climate data.
An adiabatic lapse rate for modification of temperature with
elevation has been implemented in the national scale data.
Otherwise, the model processes are identical to the global
version of the model.

Step 7: We have linked photosynthesis to temperature and
water deficit. Radiation use efficiency or RUE (Monteith, 1977)
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FIGURE 2
model modification

Schematic of MiscanFor

FIGURE 3 Global bioenergy land
use, from the IMAGE integrated assessment

= P
MISCANFOR MODEL MODIFICATION

Original model

l Changed climate to RCP2.6 I

| Updated growth water regulation process |

| Input windspeed; Added Penman-Monteith ET | | Added finer scale option for UK use |

| Added SSP2 bioenergy landuse I | Added extended model interface |

I Modified temperature for adiabaticlapse rate I | Added groundwater support |

Updated model

model =
Philadelphia
N . Atlantic Ocean
‘_( T
Pacific Ocean
¥ 3
Pacific Ocean "* .
L g \ .
e o PR Rlo do Janero
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N ) %
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e
Legend
© Ciies (population > 5 Millon) | "'
. ers w<1 }» E
£ KI5 Coordinate System: World Robinson
[ Continents s Central Meridian: 0°00"
A Miscanfor A Miscanfor A Miscanfor i o X
( Bounds | Land | Crop | Efficiency |’ Wind | D. Bounds | Land | Crop | Efficiency i wind | D Bounds | Land | Crop [ Efficiency i Wind | Data Growth&T Cropkill&Plot
Degree Days Growth Coefficents Cropkill Coefficents
Base temperature 1 Max LAI for AE/PE 3 Days below killcold threshold 60 days
DD for shoot emergence 340 Max LAl for rad 7 Days below wilt point 60 days
DD for leaf emergence 370 LAId coeff 0.006 Air temp kill threshold 7 G
Earliest DD for drought impact 1200 LAl decline 0.1 Mean annual snowcover T>0 4 (ot
Earliest DD for leaf senescence 1500 Rad use efficiency 3.8
Plant senescence 3200 Rad extinction coeff 0.68 Plot Parameters
End of cycle 3200 Peak to spring harvest ratio 033 Title TempPlot Char string
Water Restriction Coefficients Temperature Restriction Coefficients
[] Photosensitivity switch Temperature threshold 5.0
LAl water deficit restriction threshold 05 Leaf developmt coeff 475
RUE water deficit restriction threshold 075 Photosyn threshold 6.0
ET water deficit restriction threshold 0.25 Photosyn temp exponent 5.0
Wilting point 1500 Overheat RUE threshold 28
Wilting start 607 Overheat RUE decline 0.02
Field capacity 10
O Miscanthus O Miscanthus © Willow
4] il 1] D

FIGURE 4 The extended MiscanFor interface
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quantifies the efficiency of a plant in converting light energy for
CO, assimilation to biomass. RUE is restricted with lack of an
incoming water resource via limits on transpiration, photosyn-
thesis and leaf expansion. Downregulation of RUE has been
updated via soil evaporation, photosynthesis temperature and
leaf temperature regulation, a method developed from observa-
tions in Farage, Blowers, Long, and Baker (2006) on the RUE
downregulation function.

DMY =RADintercept + RUE x RUEDR * TrueDR * LeafTDR, (1)

where DMY is daily assimilate produced (g m™> day_l),
RADintercept is daily photosynthetically active radiation (PAR)
intercepted by the crop each day (MJ m™? day_z), RUE is in g/
MJ of PAR, RUEDR is the daily RUE restriction based on soil
water deficit. TrueDR means temperature of RUE downregula-
tion and is the daily downregulation of RUE if leaf temperature
is over a maximum temperature threshold. Leaf TDR means leaf
temperature downregulation and is the daily downregulation of
RUE if the temperature during leaf expansion and development
is over a maximum threshold. These are our own terms for these
parameters, not to be confused with any other existing terms.
Together, they have the effect of increasing downregulation
during early growth and reducing it at senescence; the lower
the latitude, the longer the period of increased downregulation.

Step 8: A new soil C module has been incorporated
in this global version of MiscanFor, following success-
ful validation for multiple locations in a site version of
MiscanFor (Dondini, Hastings, Saiz, Jones, & Smith,
2009). This module is based on a proposed generic theory
for the dynamics of C and nitrogen (N; Bosatta & Agren,
1985, 1991). Algorithms simulate the input of litter or or-
ganic material at various time intervals as unique pools of
soil organic matter with separate exponential rates for de-
composition. Initial soil C is obtained from the soil data-
base. A location producing a greater crop yield, and hence
leaf litter, has the potential to increase soil C more than
a crop location suffering from drought or frost kill. The
amount of litter input to the soil is the difference between
miscanthus peak yield and harvest yield. Mean annual
soil C change has been added as map output. Simulated
soil C change will be compared against experimental
measurements.

2.2 | MiscanFor projected data

Step 1: The bioenergy projections were run using every dec-
ade of the 21st century since 2010 under the RCP2.6 scenario
with SSP2 bioenergy land use masks for the United Kingdom
and globally. Global projections used the 5 arc minute IGBP
soil database, and the United Kingdom used the 30 arc
second HWSD soil database.

Step 2: Baseline historic data used for calibration with
measured variables used CRU TS4.01 climate data, and did
not assume a land use mask, running data to match individual
sampling points.

Step 3: The Penman—Monteith evapotranspiration option
was used with climate projections. The historic TS4.01 cli-
mate contains pre-calculated Penman—Monteith evapotrans-
piration data.

Step 4: For the higher resolution of the national scale
United Kingdom data, groundwater support data have been
used from the HWSD soil database, and adiabatic lapse rate
has been applied to temperature data.

Step 5: Miscanthus harvested yield will be compared
against experimental plot yields. The experimental plot
yields have been corrected for 20% since it is known that ex-
perimental plot yields for miscanthus are artificially high due
to the environment (regularly fertilized and with no weeds).
Lesur-Dumoulin, Lorin, Bazot, Jeuffroy, and Loyce (2016)
reported that commercial grower yields were on average 20%
lower than experimental plot yields.

Step 6: Whilst the MiscanFor model contains the ability
to simulate irrigated crops, the simulations in this study only
consider natural rainfall, since miscanthus is a crop that can
tolerate dry areas and is assumed grown on land not viable for
other crops, so it is assumed the cost of irrigation would be
deemed uneconomic for energy crops. To estimate the energy
cost of growing, storing and transporting a Miscanthus crop,
we applied the calculations for energy yield (Clifton-Brown
et al., 2007) and energy costs (Lai, 2004), using the method-
ology in Hastings et al. (2009) for an ‘optimum’ scenario.
This method simulates a recommended crop management
scenario for Miscanthus: local use of the miscanthus as feed-
stock for combined heat and electricity within 20 km, har-
vested nutrient replacement with fertilizer application, two
pre-emergence applications of herbicide and using rhizome
plant propagation.

Step 8: The energy feedstock is miscanthus bales and is
calculated as an energy yield of 18 GJ/t of dry matter yield,
minus latent heat of vapourization at 2.72 GJ/t of moisture
content (30% of dry matter biomass), minus fixed energy
cost (5.64 GJ/year) of crop establishment, minus energy input
0.61 GJ/t per dry matter yield, incorporating fertilizer, har-
vesting and transport (Hastings et al., 2017). Although con-
tained in the model, this is a chosen option for the projections
since the values can be changed for other feedstock process-
ing scenarios.

Step 9: We have calculated the C potential for CCS
following Albanito et al. (2019). This is an assumption of
90% CO, capture post-combustion at biomass electricity
plants, and is broadly similar across plants with varying
efficiency:

CCS =[DMx0.5]x0.9, )
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where CCS is the annual CO, captured and transferred into geo-
logical storage expressed as units of C (not CO,), DM is the dry
matter miscanthus biomass, and 0.5 assumes 50% C in biomass,
and 0.9 refers to 90% CCS efficiency.

3 | RESULTS

3.1 | Updates concerning soil water
The fine-scale HWSD and coarse-scale IGBP soil databases
(used for national and global scale simulations, respectively)
were compared for available water capacity (AWC) over the
United Kingdom. Figure 5a shows absolute AWC values
from the HWSD database. To compare which locations differ
between databases, Figure 5b shows the AWC from HWSD
minus the AWC from the IGBP soils database. Higher AWC
in the IGBP database is coloured orange, higher AWC in the
HWSD database is coloured green and both colours darken
for greater differences.

The addition of the RCP 2.6 climate data set has provided
wind speed, allowing the Penman—Monteith evapotranspi-
ration to be implemented. Figure 6a,b displays global mean

FIGURE 5 Harmonized World Soil
Database (HWSD) (a) soil water capacity

(mm), (b) HWSD minus International Mo data

0.0-64.99
Geosphere-Biosphere Programme water 65.0-129.99
130.0-194.99
capacity (mm) *  195.0-260.0
(a) (b)

H N WA U N0 W

-

climate variation is reflected in higher than average mean
daily evapotranspiration for north-east and South America.
Grey map areas reflect either crop kill, in which case all vari-
ables cease to be outputted for that location, or else gaps in
databases. Since wind and solar radiation are influential on
ET,, Figure 6 displays a similar distribution of ET to solar ra-
diation modified by wind which is higher on mountain ranges
and coastal areas.

Addition of the adiabatic lapse rate to temperature, and
groundwater support, has produced a contrast between hills
and valleys, and given detail to regions (Figure 7). This will
refine the aggregated yield values of a region.

3.2 | Miscanthus carbon effects

Favourable comparisons have already been made (Dondini
et al., 2009) between measured soil C data simulations re-
sulting from the Bosatta and Agren procedure implemented
within another version of MiscanFor. We have used the
Bosatta and Agren procedure for litter and soil C pool turno-
ver to show a simulated-observed data comparison shown in

¢ "230.7-"130.001
123.0-"0.101
-0.10-79.99

+ 80.00-159.99

« 160.0-250.00

b 45
R - 4.0
. . A\ g 35

. - v‘ b Rl 3.0
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&~ g 'ﬁ 2.0
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FIGURE 6 Mean daily (a) wind speed (m/s) (b) global evapotranspiration (mm/day) 2070-2090
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measurements from literature; R*=.59

Simulated soil carbon change shown against

Figure 8, using data measurements from a study by Poeplau
and Don (2014).

The mean annual soil C change 2010-2019 has been sim-
ulated (Figure 9), using the updated MiscanFor at fine scale
for the whole of the United Kingdom, and the HWSD data-
base provides the initial soil C. This assumes that a mature mis-
canthus crop had been grown at that location between 2010 and
2019 and does not take into account existing small urban areas
or conversion of land use. Mean annual soil C change (Figure 9)
shows contrasts between upland areas (e.g. The Pennines, The
Cairngorms), possibly rich in organic matter, which would
lose C if ploughed, against lowland agricultural soils (e.g.
Staffordshire, Shropshire, Worcestershire) lower in C which
could potentially gain soil C under a miscanthus crop.

MiscanFor calculates the soil CO, balance (Figure 10) as-
sociated with growing the crop to the feedstock delivery (trans-
port and processing CO,_ plus the change in soil CO, associated
with the new soil C module). If the mean annual soil C has
reduced, the mean annual CO, emitted will have increased and
vice versa. The CO, emission resulting from soil C loss is cal-
culated by ratio of molecular weight (IPCC, 2007), and con-
versely the negative emission associated with soil C gain. The
CO, emissions (Figure 10) are higher from upland soils, and
negative to neutral from lowland agricultural soils. This is as-
suming a mature miscanthus crop having been grown a number
of years, because CO,-equivalent emission resulting from land
use change is not included in the model.

FIGURE 7 Dry matter yield of
Miscanthus (t ha™! year'l) Wales and
Pennines 2090-2099 (a) without and with
(b) adiabatic temperature and groundwater
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FIGURE 9 Simulation of mean annual soil carbon
change (t ha™" year™!) 2010-2019 for United Kingdom under
Miscanthus x giganteus
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FIGURE 10 Miscanthus CO, emission for the UK 2010-2019

1

(t ha™" year™; resulting from processing, transport and soil C change)
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FIGURE 11 Miscanthus dry matter
yield, 2090-2099 (t ha™! year™!) (a) with
an overheat threshold of 28°C, (b) with an
overheat threshold of 35°C

3.3 | Yields and energy generation

A plant overheating factor is integral with the downregulation
of photosynthesis. This is known to vary between genotypes
of miscanthus (pers. comm. Professor John Clifton-Brown,
University of Aberystwyth). M x g downregulates assimi-
late production above 28°C, but other genotypes have shown
a higher temperature tolerance, for example, M. sinensis to
35°C (Hagar, Sinasac, Gedalof, & Newman, 2014). Either
yield increase or cropping area expansion (Figure 11) results
from changing the overheating temperature threshold from
28 to 35°C. This illustrates the limitation of simulating only
M x g, and that in reality other varieties may be best suited
to the higher ranges of climate variables.

For the simulated-observed harvest yield data (Figure 12),
each simulated value is time and location specific to match
with each observed value from collated experimental plot
yields (natural rainfed M x g, extracted from Hastings et al.,
2009). The experimental plot yields have been corrected for
20% to correct for experimental plot yields being artificially
high. Experimental plots often apply fertilizer whereas grow-
ers often stop fertilizing a mature crop.

Despite the global simulated-observed yields showing a
spread of data, the medium to high yields match satisfactorily
(R* = 51) between 7 and 25 t ha™" year_l. Including yields
below 6 t ha™' year_l creates lower correlation (R2 = .36).
We believe these data to be juvenile rhizome yields which
slowly increase to that of mature plants, whereas MiscanFor
assumes mature rhizome yields. Model scale is also influ-
ential on the spread of data; the observed data are collated
from global experimental plots whereas global simulations
use 5 arc minute soil data and 0.5 degree climate data,
thereby missing variability at finer detail. We have assumed
that for the majority of global bioenergy crops, no nutrients
are needed after the first 2 years rhizome growth, this could
create an overestimation in global yields for the areas with
very poor soil fertility, but regarding Figure 12 since the
data come from research plots from various studies, it is
unlikely that a spread of data is related to nutrient limitation
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FIGURE 12 Dry matter yield: simulated versus experimental
reported in literature; R> = .36 and .51, including and excluding
juvenile yield below 6 t/ha, respectively

in research plots, and more likely related to scale and lack of
spatial detail in climate and soil data.

Projections of mean annual miscanthus yields at global
and UK scale (2090-2099) show considerable differences
from a historic baseline (Figure 13) with spatial yield in-
creases changing from southward to westward for the United
Kingdom, and global increases in potential. In the United
Kingdom, future yield projections show temperature effects
enabling miscanthus production further north than possible
in the 20th century. Precipitation effects indicate a restricted
production without irrigation in the southeast of England,
drought years decrease the potential mean annual yield, so
that non-irrigated production of M x g would not be viable in
the south-east under the RCP 2.6 scenario.

Figures 14 and 15 show the resulting complement of
projections at United Kingdom and global scales for
2090-2099, the pattern of energy generation follows yield
(Figures 14a,b and 15a,b), and CO, will display an inverse
pattern from soil C (Figures 14c,d and 15c,d). The com-
plementary output of miscanthus yield with electricity
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FIGURE 13 Miscanthus dry matter yield, t ha™! year_l; (a, ¢) 1961-1990 under historic climate, (b, d) 2090-2099 under RCP 2.6 climate
projections
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FIGURE 14 Suite of UK projections 2090-2099 for (a) dry matter yield* (b) net energy** (c) soil C change*** (d) ****COQ,. *yield in

tha™! year™!, **net power generated in GJ ha™' year™", ###¥s0il C change in t ha™! year™!, ###+CQ, emitted via processing and transport minus soil

C change, expressed in COyq in't ha™! year™

generated and C consequences gives an overall view of  indicate that in the United Kingdom, the climate will sup-
bioenergy for miscanthus under same simulation condi- port miscanthus production of 12-20 t ha™' year_1 with
tions. Projections for the last decade of the 21st century associated energy production of 200-320 GJ ha™ year_l,
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TABLE 2 UK mean annual projections under SSP2: simulated miscanthus dry matter yield, power generation and soil C

Total C
Total crop  Mean Mean soil C capture?
IAM- Mean Crop yield (dry energy Total gain under Total soil C CCS
predicted  Yield (dry matter generated® energy miscanthus gain under  plus soil
crop area  matter biomass)  biomass) (GJha™! generated® (tCha™! miscanthus  sequester
Projection (ha) (t ha! year'l) (Gtl/year) year_l) (EJ/year) year'l) (Mt Clyear) (Mt C/year)
2040-2049" 77,580  12.89(S.D.4.29)  0.001 204.53 0.009 0.19 0.015 0.47
2090-2099 1,894,563  12.14(S.D.5.38)  0.023 192.21 0.368 0.08 0.143 10.49
Mean 21st C 468,019  12.82(S.D.3.65)  0.006 203.36 0.090 0.18 0.087 2.79
2040-2099"

“Earliest period of substantial bioenergy area in the United Kingdom under SSP2 land use projection.

°Full simulation period.

“Biomass heat generation, based on an assumed energy yield of 18 GJ/t of dry matter minus latent heat of vapourization at 2.72 GJ/t of moisture content (30% of
dry matter weight), minus fixed energy cost (5.64 GJ/year) of crop establishment, minus energy input 0.61 GJ/t per dry matter yield (fertilizer, harvesting, transport;
Hastings et al., 2008, incorporating parameters from Clifton-Brown et al., 2002; Lai, 2004).

dAssumed 90% CO, capture post-combustion (Albanito et al., 2019).

positive soil C change and relatively low C dioxide emis-
sion (from crop, soil and energy production) in Ireland and
south-east Scotland, in addition to the north-west, west and
south-west of England and chalk areas of the south and
east. Global projections for the same decade show a much
higher values per hectare as the most promising areas for
miscanthus (north-eastern United States and south-east-
ern Canada, Brazil, southern Europe and south-east Asia)
show that the climate will support 20-36 t ha™! year_1 with
associated energy generation of 320-560 GJ ha™! year_l,
positive soil C change and relatively low CO, emissions.
Tables 2 and 3 show the aggregated United Kingdom
and global totals projected for miscanthus dry matter

yield, simulated electricity generation and soil C change,
while Table 4 shows nations with the largest potential for
bioenergy.

From the IMAGE land use projections, global use of bio-
energy crops starts in the early 21st century, so aggregated
yield and energy generation can be calculated as early as
2010-2019, whereas the UK projections are not showing any
bioenergy land use until 2040. This is not realistic, since UK
bioenergy is currently being produced; however, the IAM lo-
cations are calculated on the basis of sufficient policy, eco-
nomic support and infrastructure being in place, which it has
determined will occur in the United Kingdom from 2040,
which is the first aggregated UK projection we can determine.
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TABLE 3 Global mean annual projections under SSP2: simulated miscanthus dry matter yield, power generation and soil C
Total C
Total crop Mean Mean soil C capture®
IAM- Mean Crop yield (dry  energy Total gainunder  Total soil C CCS
predicted Yield (dry matter generated®  energy miscanthus  gain under  plus soil
crop area matter biomass) biomass) (GJ ha™! generated® (tC ha™! miscanthus  sequester
Projection (ha) (t ha™! year'l) (Gtl/year) year_l) (EJ/year) year'l) (Mt Clyear) (Mt Clyear)
2010-2019* 7,508,532 8.79 (S.D. 2.66) 0.066 136.61 1.028 1.30 9.744 39.44
2090-2099 193,912,063 8.87 (S.D. 2.99) 1.720 137.90 26.742 0.22 42.897 816.90
Mean 21st C 127,040,195 8.21 (S.D. 2.99) 1.043 127.05 16.131 0.58 73.697 543.05
2010-2099"

“Earliest period of substantial bioenergy area globally under SSP2 land use projection.

°Full simulation period.

“Biomass heat generation, based on an assumed energy yield of 18 GJ/t of dry matter minus latent heat of vapourization at 2.72 GJ/t of moisture content (30% of
dry matter weight), minus fixed energy cost (5.64 GJ/year) of crop establishment, minus energy input 0.61 GJ/t per dry matter yield (fertilizer, harvesting, transport;
Hastings et al., 2008, incorporating parameters from Clifton-Brown et al., 2002; Lai, 2004).

dAssumed 90% CO, capture post-combustion (Albanito et al., 2019).

TABLE 4  Five highest yielding countries, annual values averaged over 2010-2099" and 2090-2099*

TOP 5 highest national yields averaged over 2005—2099* TOP 5 highest national yields averaged over 2090—2099*

Total

Total crop energy Total soil  Total C Total crop  Total energy Total soil  Total

yield” generated®  C gain capture? yield" generated* C gain C capture®
Country (Gtlyear) (EJ/year) (Mt/year) (Mt/year) Country (Gtl/year) (EJ/year) (Mt/year) (Mt/year)
Brazil 0.193 2.900 41.083 129.93 Brazil 0.304 4.551 15.837 152.64
Myanmar 0.076 1.182 3.124 37.32 China 0.140 1.199 9.765 72.77
Venezuala  0.064 0.995 4.249 33.05 Venezuala  0.109 1.693 1.621 50.67
Laos 0.057 0.898 1.394 27.04 Myanmar  0.096 1.492 1.162 44.36
China 0.055 0.854 25.947 50.70 USA 0.094 1.492 16.802 59.10

“Influenced by area under SSP2 projection for bioenergy land use.

®Based on crop area under IAM-generated SSP2 bioenergy.

“Biomass heat generation, based on an assumed energy yield of 18 GJ/t of dry matter minus latent heat of vapourization at 2.72 GJ/t of moisture content (30% of
dry matter weight), minus fixed energy cost (5.64 GJ/year) of crop establishment, minus energy input 0.61 GJ/t per dry matter yield (fertilizer, harvesting, transport;
Hastings et al., 2008, incorporating parameters from Clifton-Brown et al., 2002; Lai, 2004).

ic captured equals 90% CO, capture post-combustion (Albanito et al., 2019) plus soil sequestration.

We have concentrated on the increase in bioenergy from
early century to late century. Supplemental Data file S1 con-
tains projected country and global totals for biomass and
power generation for all decades.

are inherent from the data used. We accept that the global
locations used for bioenergy crop production are not always
accurate. Our model does not determine land use. The land
use data used for input came from data produced for a sepa-
rate published study (Vaughan et al., 2018) which reviewed
the global land use output by the integrated assessment model

4 | DISCUSSION IMAGE (van Vuuren et al., 2017) as being globally accept-
able in its projections, considering it to be consistent with
4.1 | Assumptions inherent in bioenergy current relevant literature.

land use locations

This paper reports on the modification and validation of the
MiscanFor model and its use to assess the potential contribu-
tion that M x g could make globally to satisfy the BECCS re-
quirements for decarbonization associated with the RCP 2.6
climate projections. As with any model, some assumptions

Further details of the land use are contained in the supple-
mental data to the Vaughan et al. (2018) study. In scenarios
used by Vaughan et al., half of the global biomass resource is
derived from agricultural and forestry residues and half from
dedicated bioenergy crops grown on abandoned agricultural
land and expansion into grasslands. The aim of our study is to
investigate how much crop and energy yield could be supplied
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by this land area using Miscanthus x giganteus only to satisfy
the IPCC SSP2 scenario. An example of the errors inherent in
these assumptions can be seen, for example, in projections for
China. Vaughan et al. land use projections indicate a change in
land use over China of 1,088 Mha, we acknowledge that this
was mainly from forestry and not from bioenergy crops. While
the assumption is that bioenergy resources will be from con-
verted waste land and converted grassland, much of China's
waste land, for example, desert regions in Mongolia, may be too
dry to grow bioenergy crops, but the bioenergy land use data
produced for the Vaughan et al. (2018) study indicates locations
for which climate and soil data result in sustained bioenergy
crop growth. The online Atlas of Aridity (Cherlet et al., 2018)
defines the eastern and central regions of China as humid rather
than arid or semi-arid. Our model biomass has validated satis-
factorily using data from various countries and climates, and
our input climate and soil databases produce reasonable results
for evapotranspiration and little crop kill due to drought for the
eastern half of China. We acknowledge this may not be where
the majority of waste lands are located, but the land use location
data have been taken from that published by the Vaughan et al.
(2018) study, we deduce that the majority of areas in this region
must be converted grassland, whilst acknowledging that being
dependent on an external resource to provide land use area is an
assumption that can introduce error.

4.2 | Assumptions inherent in modifications
for climate, crop and soil water

Simulation of crop death by drought is dependent on the AWC
of the soil database (field capacity minus permanent wilting
point). Calculated AWC values from the HWSD database
(Figure 5a) display the lowest UK water capacity over south-
eastern English soils and soils over the Scottish Highlands.
AWC differences between both databases (Figure 5b) dis-
play equal areas over the United Kingdom for which each
database is slightly higher in AWC than the other. HWSD
water capacity is shown to be higher than IGBP over east-
ern Scotland and in areas of central, north-west and south-
east and southwest England. Meanwhile, IGBP data have a
higher AWC over upland areas of the Pennines and west of
Scotland. This comparison of the soil data is something to
consider if viewing results of drought and crop death. Only
the dominant HWSD soil is considered, whereas in reality
there can be up to 10 soil types in a 30 arc-sec grid square of
the database.

The distribution of wind and its effect on higher ET, and
lowering crop water is an assumption embedded in the climate
data, to consider when viewing results. Mean ET,. produced
by Penman—Monteith and Thornthwaite procedures reason-
ably compared albeit with a spread of data (49, rmse 79.9,
n = 842,043).
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The temperature modification with increasing elevation has
the effect of lowering temperature for growth and also lowering
ET,, which may decrease or increase upland yield depending on
temperate or tropical climate and elevation. The groundwater
support has made further contrasts between areas with support
and those without. The combination of adiabatic modification
and groundwater support contributes to regional yield refining
and produces a more detailed map (Figure 7).

4.3 | Miscanthus effects on carbon

Soil C simulated using the Bosatta and Agren procedure com-
pared satisfactorily with experimental values from literature
(Figure 8). Under miscanthus cropping, a map of soil C change
(Figure 9) displays the contrast between C loss on peatland
soils, and C sequestration on lower C arable soils, correspond-
ing to known soil processes (Bot & Benites, 2005; Ontl &
Schulte, 2012). Arable cropping of any crop on a high C soil
risks losing more C than can be replaced, whilst on a lower C
soil, miscanthus is rarely disturbed and has time to build up
C stocks. Litter drop and root exudates are a function of mis-
canthus yield and biomass and will build over time (McCalmont
etal., 2017). The simulated mean annual change in soil C under
a miscanthus crop agrees with results from a review of experi-
mental studies (McCalmont et al., 2017) which concluded a
change of 0.7-2.2 Mg C4-C ha™" year™". The McCalmont et al.
review concluded that a transition to a miscanthus crop from
long-term grassland would initially lose C associated with till-
ing, but that a long-term miscanthus crop would allow the C to
increase again to a similar level. The transition from arable soils,
however, resulted in soil C levels increasing, associated with the
large amount of plant litter from miscanthus plus the elimination
of tilling decreasing soil C decomposition. The ELUM project
based on the ECOSSE model reported the same effects from its
simulations (Pogson et al., 2016).

Using constraints described by Lovett, Stinnenberg, and
Dockerty (2014; for high organic C soils, urban areas, out-
standing beauty, designated scientific interest areas and
national parks, etc.), Milner et al. (2016) suggest that if the
UK land without constraints were planted with miscanthus,
99.6% would see net gains in SOC between 1.5 and 2.5 Mg
Cha™’ year_l. Given that the only substantial negative SOC
changes in Figure 9 are located on uplands of high C soils,
our simulation for 2010-2019 agrees with this finding, al-
though we caution that the potential for soil C storage under
miscanthus largely depends on the land use system it is
replacing (Dondini et al., 2009; Holden et al., 2019).

We cannot realistically validate the map of CO, emission
(Figure 10) associated with the simulation of SOC change, but
it is shown for info as it is a direct consequence of the SOC
results, the emission of CO, being in ratio with the loss of total
soil C and vice versa. Hence, it shows highest emissions over



L CHANGE BIOLOGY

SHEPHERD ET AL.

» | WiLEY—

uplands and other organic or waterlogged soils, which come
under the excluded areas for bioenergy (Lovett et al., 2014).

4.4 | Simulations of miscanthus yields and
energy generation and CCS at global and
UK scale

In developing MiscanFor, Hastings et al. (2009) added photo-
period and drought stress. In this next phase of development,
a substantial amount of modification for this study was in-
volved with crop and soil water, and its effect on photosyn-
thetic production. Simulated yields overestimate the lowest
range of observed yield, reducing the correlation of simulated-
observed comparison, whereas most yields between 10 and
25 t ha™! year™" agree satisfactorily. Low observed yield in-
cludes young rhizomes which have not yet built up the root
mass to support a higher yield. The model does not include
young rhizome yield increase, and this will be a necessary
adjustment to the model. A concurrent project has taken field
measurements for this purpose, and a publication on the modifi-
cation of MiscanFor to incorporate early growth is forthcoming
(Shepherd, Clifton-Brown, Buckby, & Hastings, 2019).

Although Figure 11 does not show radical differences, it
does show either higher yields or an increased area of growth
as a result of an increase to the leaf overheating temperature.
The importance of this figure is that although we show high
temperatures globally limiting the most commonly grown mis-
canthus variety, there are other varieties in existence such as
M. sinensis, and new varieties being trialled which can with-
stand higher temperatures (Clifton-Brown et al., 2001; Clifton-
Brown, Lewandowski, Bangerth, & Jones, 2002). These have
the potential to increase yields in warmer humid locations.

Yield projections for 2090-2099 show considerable change
since a historic baseline of 1962-1990 (Figure 13). Pogson
et al. (2012) used the previous version of MiscanFor for the
United Kingdom with the same HWSD soil database and CRU
TS 3.0 historical climate and found similar UK yields but
projected a wide region of drought-killed crops in south-east
England and higher yielding regions in the north and west. This
study has obtained a similar yield range as Pogson et al. but has
reduced the overestimation of crop kill by drought and obtained
a more realistic historic countrywide growth potential of mis-
canthus. UK drought crop kill is reduced to areas around greater
London, under the RCP 2.6 future climate. Global yield projec-
tions show an increase over historic values, and an expansion
into new regions such as Australia and New Zealand.

Thus far, maps have illustrated the suitability of all locations
for miscanthus production based solely on climate and soil
data. The next step is to bring in locational data from an IAM.
By doing so we add a layer of data from an analysis of socio-
economics and policies. The IMAGE IAM has produced SSP2
bioenergy gridded land use data, providing the area of bioenergy

for CCS required to reduce GHGs, to constrain global tempera-
ture increase to within 2°C under the RCP 2.6 scenario and
made locational decisions of where to place the bioenergy land
use. The bioenergy land use grid is chosen on socio-economic—
policy considerations and relieves the model user of locational
decisions. It is also dynamic, reflecting a ramp up of bioen-
ergy land use through the 21st century. Aggregated national or
global bioenergy values based on SSP2 land use projections can
now be calculated (Tables 2, 3 and 4).

UK growth projections of 77,580-1,894,563 ha of bio-
energy crop in the United Kingdom (2040s to 2090s) expe-
rience positive soil C accumulations. Mean crop yields for
the United Kingdom at 2050 (12 t ha™' year™") are similar
to the previous version of the model (11.9 t ha™! year_l;
Hastings et al., 2014); however, we have added realistic
processes with more parameters and have honed the detail
of the model this is reflected in maps showing differences
in detailed areas (Figure 7). Mean crop yield, energy gen-
erated and soil C increase per unit area are projected to
remain stable through the 60 years due to climate variation
and reduction of precipitation. Yield variation per unit area
over the 21st century occurs globally (illustrated for China,
Figure 16).

Due to the projected increase in bioenergy area from
77,580 to 468,019 ha, aggregated totals of UK miscanthus
crop yield will grow from 0.001 to 0.023 Gt/year, mean bio-
fuel energy will grow from 0.009 to 0.368 EJ/year and total
soil C stored will increase from 0.015 to 0.143 Mt/year from
the 2040s to the 2090s. This produces a C capture potential
growing from 0.47 to 10.49 Mt C/year.

The global projections throughout most of the 21st cen-
tury (2010s to 2090s) show an increase in bioenergy crop
area of 7.5-193 million ha, a global increase in bioenergy
crop yield of 0.07 to 1.72 Gt/year, bioenergy generation from
1 to 26 El/year, and total soil C stored increasing from 9.7 to
42.9 Mt/year. This produces a C capture potential growing
from 39 to 817 Mt Clyear.
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FIGURE 16 National yield influenced by climate and bioenergy
area under SSP2 land use, using China as example
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Again, the variable climate under RCP 2.6 is the source of
variable yields (Figure 16), hence from the 2010s to 2090s,
yield and energy per unit area do not show large increases,
soil C storage potential decreases and aggregated increases
are due to the increased area of bioenergy land use.

RCP 2.6 scenarios rely on mitigation implicit within SSP
scenarios, and limit warming to below 2°C with a greater than
66% probability (IPCC, 2014). RCP 2.6 with SSP assumptions
have been created by several IAMs. IAMs are fundamental in
transferring socio-economic information to land use area, from
which crops, bioenergy and environmental C can be mod-
elled. IAMs typically assume an increase in mean global yield
through the century and a large CCS potential (Committee for
Climate Change, 2018). Yet this study's results show relatively
low global mean yields which under RCP 2.6 climate stay rel-
atively stable throughout the latter 21st century. However, the
TAMs include a notional improvement in yield through breeding
which is not considered in the process-based MiscanFor model.
Under RCP scenarios, for global warming to remain under 2°C,
616 Gt CO, needs to be removed from the atmosphere by 2100
in an energy-only C budget (Mander et al., 2016) and BECCS
is the dominant method used by the scenarios. The technically
feasible potential for BECCS is estimated at 10 Gt CO,/year
(and 47 EJ of primary energy from biomass) by 2050 for a dedi-
cated biomass and CCS program (International Energy Agency
for GHG, 2011) as cited by Mander et al. (2016). The economic
potential in the IAM, however, is assumed to be much less at
3.5 Gt COy/year in 2050 with 20 EJ of primary energy from
biomass. Converting our C capture projections plus soil seques-
tration to CO, equivalent (via 44:12 mol. wt. ratio), MiscanFor
estimates a 21st-century global CCS mean of 2.0 Gt CO,/year
with 16 EJ/year energy from biomass, rising to 3.0 Gt CO,/year
with 26 El/year energy for 2090-2099. Our global energy
and BECCS projections agree satisfactorily with IEA (2011).
Mander et al. suggest that for RCP 2.6 to be a feasible reduction
of global warming to under 2°C, 70 EJ of global bioenergy are
required by 2050. It concludes this is higher than the IEA-stated
feasibility, and our study supports this finding.

Other studies may not have specifically simulated mis-
canthus under RCP 2.6 climate with SSP2 bioenergy land use
designated areas for aggregated totals, so may vary compared
to ours with respect to bioenergy yields. Under SSP2 bioen-
ergy land use, the global bioenergy calculated in our study for
20102019 is 1.028 ElJ/year. WEA (2000) estimated that
0.6 El/year electricity and 2.5 EJ/year heat were being pro-
duced globally in 2000 from bioenergy. The International
Energy Agency for Bioenergy (2007) assessed from a re-
view of literature that, with an assumption of 1-2 Gha of land
area for bioenergy farming on agricultural land, and an av-
erage yield of 812 t ha™! year_l, the energy production up to
2050 would be 100-300 EJ/year. 2 Gha land area is 20 times
the SSP2 land area at the end of the century of 0.19 Gha, but
pro-rata the energy production of 100-300 EJ/year becomes

="BIOENERGY.

20 El/year close to our global bioenergy projections of 16 EJ/
year as a 90 year average. Our global yield per unit area pro-
jection also agrees with their lower estimation of 8 t ha™" year_l,
this appears to be a relatively low yield but the SSP2 locational
choice for bioenergy land use has not been made on a high yield
basis.

Globally, the highest yielding countries will be those with
the most suitable climates for miscanthus, or the largest land
use area. The highest national yields vary through the century
with the boost in bioenergy land use area under the IAM-SSP2
scenario (shown in Table 4 for 2010-2090 and 2090-2099). By
the final decade of the century, the United States will have the
potential to be a major bioenergy provider (1.5 EJ/year energy;
16.8 Mt/year soil C storage; 0.2 Gt CO, capture/year), but on
average for 2010-2090, the four countries with the greatest ag-
gregated potential are Brazil (2.9 El/year energy; 41 Mt/year
soil C storage; 0.47 Gt CO, capture/year), Myanmar (1.2 EJ/
year energy; 3.1 Mt/year soil C storage; 0.14 Gt CO, capture/
year), Venezuela (1.0 EJ/year energy; 4.2 Mt/year soil C stor-
age; 0.12 Gt CO, capture/year) and China (0.85 EJ/year energy;
26 Mt/year soil C storage; 0.18 Gt CO, capture/year). Of these
Brazil and China are also the nations with the most bioenergy
land area. Hastings et al. (2008) mention the global increase of
energy due to the rapid industrialization of the economies of
South East Asia, Brazil, China. It seems fortunate that these
countries are the ones with the projected potential to support
their industrialization with bioenergy. Ranked countries high-
light a weakness with the socio-economic forecasting of the
IAM-derived global bioenergy locations. Venezuela has glob-
ally the second largest oil reserves and a very poor and underde-
veloped agricultural sector, little incentive to build the capacity
to produce 109 Mega tonnes/year crop yield, so it is surprising
to see it ranked highly based on the bioenergy land use area.

Pogson, Hastings, and Smith (2013) projections calcu-
lated Asia as the largest miscanthus supplier of bioenergy
from crops. China has the largest miscanthus growth area
worldwide at present, with approximately 100,000 ha, vari-
eties largely based on wild M. lutarioriparius with a yield
potential of 12 t ha™! year_1 (Xue, Xiao, & Zili, 2015).
A review of bioenergy potentials (Smeets, Lewandowski, &
Turkenburg, 2007) gave S America and Caribbean, sub-Saha-
ran Africa, Oceania and America as countries with the most
bioenergy potential on surplus land. This shows agreement
with our study for major potential bioenergy production areas
of the world (Figure 15 and Table 4).

A plot of global totals through the decades (Figure 17)
shows a clear increase in global biomass and power genera-
tion, plus a gentle increase in the standard deviation of global
biomass values over 10 years. The continual increase in all
three relate to the land use area, as the initial ramp-up of bio-
energy from 2040, shows an acceleration of global totals, so
noticeably does the last decade. The increase in the standard
deviation of the biomass will be driven by a variation in soil
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type and climate with increasing land area. The climate of the
additional land use areas will modify the rate of increase for
each decade.

All country and global projected totals for biomass and
energy generation for all decades since 2010-2090 have been
provided in Supplemental Data file S1.

We caution that our simulations are for a mature mis-
canthus crop, and do not include emissions resulting from
past land use conversion. Holder et al. (2019) modelled
miscanthus, underpinned by experimental soil C change,
and concluded that C change is dependent on former
land use. Converting grassland to miscanthus can in-
crease global warming potential during the first 15 years.
Vaughan et al. (2018) investigated the BECCS assump-
tions relating to low emission scenarios, including bio-
mass resource and land use. Like Holder et al., they report
that half of the projected biomass is derived from dedi-
cated bioenergy crops grown on abandoned agricultural
land and expanded into grasslands, but that poor gover-
nance to prevent higher C grassland conversion in most
regions with high growth potential will limit the BECCS
potential for CO, removal, offset by land use change
emissions and lower soil C.

Also, projections for the yield, electricity generation and
effects on C and C captured have been projected, to show the
potential of miscanthus using the variety M x g. A model is
a simplistic representation of a complex system. In reality,
different varieties of miscanthus will be grown, best suited to
local climate conditions, and either further development of
this model or an [AM-derived land use could display several
bioenergy feedstock resources, with crop varieties grown for
location dependent on best suitability for the climate (Clifton-
Brown et al., 2019).

In summary, modifications to MiscanFor were made to
correct the sensitivity of yields to drought, and overestima-
tion of yield at low latitudes. We have had to balance drought
risk against more realistic crop and water processes that we

invoked, some which can restrict water further (downregula-
tion), some which can ease water restriction (evapotranspira-
tion replacement using more climate inputs and groundwater
support). New climate, soil, groundwater and land use data
sets have underpinned these modifications. At fine-scale res-
olution, further spatial distinction was possible allowing re-
gional details to emerge whose patterns were influenced by
soil types and drainage basins on top of climate.

Projections show a boost in global bioenergy land use,
creating a surge in bioenergy to 26.7 EJ/year by the 2090s,
with the foremost national providers projected to be Brazil
and China based on land area, high yielding crops and
soil C increase, although the United States is projected to
have that capability later in the century. Our projections
of global miscanthus yield per unit area, global energy
(2005-2009) pro-rated with land use area and 21st-century
projections of aggregated global energy and CCS are all
consistent with those of published studies. Our results indi-
cate insufficient global CCS projections using miscanthus
for the SSP2 CCS requirements. The global land area
needed to produce the amount of bioenergy required to sat-
isfy the RCP 2.6 projections, based solely on miscanthus,
would have to be about 19 times larger unless a higher
yielding crop was found. Conversely, this also means that
miscanthus can provide just over 5% of the global energy
needs. This agrees with the lower limit from Hastings et al.
(2008) assessment that miscanthus could provide between
5% and 15% of Europe's primary energy needs by 2080 if
considered to be the only bioenergy crop. In reality, mis-
canthus will be one of several bioenergy crops increasing
in production this century, others will be better suited to
regional climates than miscanthus, and this will increase
the mean bioenergy and CCS. It also highlights the global
need for ongoing improvement in miscanthus and other
bioenergy crops in breeding and field equipment, plus the
global need for more infrastructure and miscanthus supply
chain specialists supporting growers to increase the uptake
and investment in bioenergy crops.
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