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Abstract : Bioenergy is generally considered to be one of the options for pursuing carbon neutrality. However, for a period of
time, combustion of harvested plant biomass inevitably causes more carbon dioxide in the atmosphere than combustion of fossil
fuels. This paper proposes a method that predicts and minimizes the total amount and payback period of this carbon debt. As a
case study, a carbon cycle impact assessment was performed for immediate switching of the currently used fossil fuels to biomass.
This work points out a fundamental vulnerability in the concept of carbon neutrality. As an action plan for the sustainability of
bioenergy, formulas for afforestation proportional to the decrease in the forest area and surplus harvest proportional to the
increase in the forest mass are proposed. The results of optimization indicate that the carbon debt payback period is about 70
years, and the carbon dioxide in the atmosphere increases by more than 50% at a maximum and 3% at a steady state. These are
theoretically predicted best results, which are expected to be worse in reality. Therefore, biomass is not truly carbon neutral, and it
is inappropriate as an energy source alternative to fossil fuels. The method proposed in this work is expected to be able to
contribute to the approach to carbon neutrality by minimizing present and future carbon debt of the bioenergy that is already in
use.
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G =1,(C)+ 1. (C)=£,(C.CoA)~£,(C.C)+q (1)

C =1C.CA)~f,(C)=f(C)—h @
G =11 (C)=£(C) &)
C,=1.(GC.C)+£(C) )

A = [/U[s(tfr)g}(r)drfh(t) ’é; 5)

G = (C)+f,.(C)=f,(C.C1)~£,(C.C)+a  (6)

¢ =1,C,C.0-1,(C)-5(C) ()
C =HC) =1, (C)=1(C) ®)
C =f(C.C)+h(C) )
0<qg<h<s (10)
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mass of carbon in the atmosphere (=C if h=s=0),

G, = mass of carbon in plants (—C if h=s=0), PgC
' if h=s=0), PgC
if h=5=0),

C. = mass of carbon in soils (=C
= mass of carbon in the surface ocean (=C'
PgC
A, = normalized vegetated land area
f, = rate of photosynthesis, PgC y!
f,, = rate of plant respiration, PgC y!
f, = rate of litterfall, PgC y'
f.. = rate of soil respiration, PgC y'
/, = rate of transfer from soils to the surface ocean by the
river flow, PgC y!
f, = net rate of absorption from the atmosphere to the surface
ocean, PgC y!
q = rate of fuel combustion, PgC y
h = rate of plant harvesting, PgC y
= target rate of biomass production when planting seedlings,
PgC !
g = normalized tree mass growth function (g(0) =0, g(c0) =1)
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C -
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[HCO, |

7,(G,.C,,) =280(ppm mM ™) A 0 [or | )]
K, =0.0255+0.00197; (C,) (22)
. i~ VICOJ} — 47 (2[CO,], = A7) (1 - 425
[HCO, |= = 4 For (23)
Koz =0.000545+0.000006 7 (C,) (24)
[C0:], = (12 g mol™~1)(36.2 PKL) @)
A, —[HCO;
ooy |- A=l 20
RS9 A= oh2a ZTi14].

ne = CO; effect factor on photosynthesis
= temperature effect factor on photosynthesis
p, = concentration of CO, in the atmosphere, ppm
p: = equilibrium concentration of CO, in the atmosphere,
ppm
T, = global temperature, C
A, = total alkalinity of seawater = 2.222 mM [19]
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G,(0) = 750 PgC, C,(0) = 560 PgC, C,(0)
G, 0) = 890 PgC, 4,(0) =1

= 1500 PgC,

A 52 AR d 2= Chapman-Richards growth function [20]
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s=h[1+ymax(1—A4, 0)],7=0 (29)
A, <A (30)

0J7]1A q=10PeCy !, A} =1.250]c} AAWSEL TR} 7t
~ = afforestation factor

n = surplus harvest factor
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Figure 1. Carbon cycle predictions for cases 0 (solid), 1 (dashed),
and 2 (dash-dotted).
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Figure 2. Carbon cycle predictions for cases 0 (solid), 3 (dashed),

and 4 (dotted).
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Table 1. Results of simulation with selected values of decision variables

Case 8 ) Ca(rl?gg j;:bt Paybazl;)perlod HEPEOC)Z Cc;; ((‘:)O)) max A, A, (c0)
0 - - 0 0 s co 1.000 1.000
1 0 0 45,035 214.1 1.857 1.856 1.000 0.537
2 2 0 11,363 79.59 1.572 1.089 1.149 1.149
3 4 0 7,643 64.12 1.500 0.964 1.385 1.385
4 4 4 7,643 64.12 1.500 0.947 1.393 1.393
5 2.81 0 9,398 71.56 1.537 1.030 1.250 1.250
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