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A B S T R A C T

Global warming and climate change, as a result of greenhouse gas emissions, pose a major threat to the
international community; therefore, such emissions must be reduced by moving to clean energy resources. In
this paper, we follow an approach based on bankruptcy models using the proportional rule and the proportional
run-to-the-bank rule to illustrate a novel allocation protocol for managing annual CO2 equivalent emissions in
European Union countries among a set of sectors included in Annex I to Decision No 406/2009/EC. Unlike
the standard bankruptcy model, the current model deals with situations in which agent’s claims are multi-
dimensional and the issues correspond to greenhouse gases contained in Annex II to Directive 2003/87/EC.
Considering that any Member State can limit the greenhouse gas emissions beyond their obligations under
the European legislation, being able to establish national greenhouse gas emission reduction objectives in
relation to 2005. Two types of situations will be considered to allocate emissions among greenhouse gases,
sectors and source categories: when total emissions and removals from activities related to the Land Use,
Land-Use Change and Forestry are excluded, we will make a first allocation among sectors and categories to
determine the amount of tonnes of CO2 equivalent that they can emit for each greenhouse gas; and when
land-use/forestry activities are taken into account for the distribution of emissions reduction efforts, we will
make a second allocation among sectors in order to determine which source categories are involved in each
case.
1. Introduction

Global warming and climate change arise a major problem through-
out the world and the reduction of greenhouse gas (GHG) emissions is
one of the most important aims of environmental policies on a global
basis, nowadays (e.g., [1]). The accumulation of greenhouse gases,
namely carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and
fluorine compounds such as sulphur hexafluoride (SF6) and a set of flu-
orocarbons (𝐻𝐹𝐶𝑠 and 𝑃𝐹𝐶𝑠; see Annex II to Directive 2003/87/EC)
in the atmosphere is exceeding the planet’s absorption capacity and
can cause disastrous effects [2]. Limiting the global cumulative CO2
between 2000 and 2050 would reduce the risk of exceeding the 2 ◦C
limit above the levels in the pre-industrial era [3]. Thus, GHG emissions
must be reduced by moving to clean energy resources. As regards the
European Union, the main goal of the Kyoto Protocol to the United Na-
tions Framework Convention on Climate Change (UNFCCC), which was
approved by Council Decision 94/69/EC, is to reduce anthropic green-
house gas emissions at a level which prevents harmful interference with
the climate system, in accordance with Decision 2002/358/EC. In this
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context, Directive 2003/87/EC led to the establishment of a European
Community-wide greenhouse gas emission allowance trading scheme
(‘‘EU ETS’’) since 2005. All sectors of the economy should contribute to
emission reductions in order to reach the objective of a 20% reduction
of GHG emissions by 2020 compared to 1990 levels. This latter norm
amended Council Directive 96/61/EC establishing a general framework
for contamination, by way of which GHG emissions permits have been
issued.

In connection with the effort of each Member State to reduce its
annual greenhouse gas emissions, Decision No 406/2009/EC estab-
lished annually binding national limits for the period from 2013 to
2020. Each Member State shall, in 2020, limit its whole GHG emissions
from a series of sectors (excluding Land Use, Land-Use Change and
Forestry; [4]) such as Energy, Industrial Processes and Product Use
(IPPU), Agriculture and Waste (Annex I to this Decision) at least by the
percentage set for that Member State in Annex II (e.g., −20% and −10%
for Ireland and Spain, respectively) compared to its GHG emissions
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in 2005. In the case of Croatia, which accessed to European Union
in 2013, this country took on a goal of reducing GHG emissions in
2020 by 20% compared to those in 1990 [5]. Additionally, all Member
States shall limit their GHG emissions in each year between 2013 and
2019 along a linear trend line. Specifically, Ireland, Spain and any
other Member State with a negative limit under Annex II shall ensure
that their maximum allowances in 2013 do not exceed their respective
average annual greenhouse gas emissions during 2008, 2009 and 2010.

Nevertheless, Member States can limit the greenhouse gas emis-
sions beyond their obligations under this Decision, with the inclu-
sion or exclusion of total emissions and removals from different land-
use/forestry activities (LULUCF) in GHG emissions reduction efforts,
in order to meet more stringent national objectives. The approach of
annual maximum allowed GHG emissions in terms of tonnes of CO2
equivalent taken in Decision No 406/2009/EC continues by Regulation
(EU) 2018/842, which currently provides the reductions in the Euro-
pean Union emissions trading system and non-ETS sectors compared to
emissions in 2005. The methodology to set the annual binding national
limits from 2021 to 2030 is very similar to that applied in Decision No
406/2009/EC. Again, each Member State shall, this time in 2030, limit
its greenhouse gas emissions at least by a percentage (see Annex I to this
Regulation) in relation to 2005 (e.g., −30% and −26% for Ireland and
Spain, respectively). Regulation (EU) 2018/842 has as purpose keep
the global temperature increase to 1.5 ◦C above pre-industrial levels
under the Paris Agreement [6], which was concluded on behalf of the
Union by Council Decision (EU) 2016/1841 and has replaced the Kyoto
Protocol beyond 2020.

Nonetheless, global, EU-level and/or national cooperation on is-
sues based on the carbon budget approach [7] has been historically
hampered by a disagreement among countries and/or sectors of the
economy on a matter of policy [8]: it is evident that we are confronting
a conflicting claims problem or situation of bankruptcy [9]. Most of
the works in the literature consider only the CO2 equivalent emissions
without disaggregating by the main greenhouse gases and, therefore,
the problems can be modeled as bankruptcy problems1 (see for exam-
ple, [9,13–15]). However, in this work we go a step further to carry out
a disaggregated distribution by the main greenhouse gases and by the
different productive sectors that emit these gases into the atmosphere.
Therefore, in our study we are considering a more general situation
called a multi-issue bankruptcy problem in which the issues are the
GHG, and the claimants are the emitting productive sectors. To our
knowledge, this disaggregated approach is novel in the greenhouse gas
emission abatement literature. Multi-issue bankruptcy problems [16]
analyze situations, in which there are a perfect divisible estate, which
can be divided between various issues, and a number of agents with
claims on these issues such that the total amount of claims is above
the estate.2 There are different approaches in the literature on how the
estate should be distributed (see, for instance, [16–21]). In this paper,
we apply two different approaches for multi-issue bankruptcy problems
based on proportionality, the proportional run-to-the-bank rule [16]
and the proportional rule [22,23] to assign allocations of GHG to each
sector. The idea of this first rule, as its name suggests, is: the claimants
take a run towards the managing authority of the endowment, when

1 O’Neill [10] and Aumann and Maschler [11]. In these situations, an
ndowment (perfectly divisible) must be allocated among a set of claimants on
t but the endowment is not enough to completely satisfy all of them. There
xist many different bankruptcy rules to allocate the endowment among the
laimants (see [12]).

2 These situations arise when, for example, a general budget (estate) has to
e divided into budget headings (issues) such as education, health, security,
tc. and, at the same time, there are a number of entities, such as regions,
ities, etc., that have demands on each of these budget headings. In these
ases, it seems more appropriate to take into account the entire disaggregated
tructure of the problem to obtain an allocation of the budget among the
2

ntities.
each claimant arrives, she can choose the most favorable order to
her on the issues. Averaging over all possible orders of arrival, a
run-to-the-bank rule is obtained. Moreover, the new arriving claimant
takes into account the effect of the chosen order on the issues on
the claimants already present. If they lose because of this choice, the
new claimant has to compensate them for this. Then, the amount of
resource assigned to a certain issue is proportional divided. The idea of
the second rule simply consists of applying a proportional distribution
among the claimants, either distributing proportionally considering the
amount of each issue that an agent claims, as an independent claim of a
new claimant and then aggregating, or first distributing proportionality
among the issues by considering that claims for the same issue are
aggregated into a single claim and then the amount allocated to each
issue is proportionality distributed among agents. Both approaches
provide the same allocation as proved in [23].

In this work, we center in one of the most important in the literature
[24]: the proportional rule; although other rules could, in principle,
be used, such as the constrained equal awards rule or the constrained
equal loses rule. However, these last two rules have been dropped
for the following reasons. The constrained equal awards rule equals
the quantities obtained allocating the endowment such that to each
claimant is assigned the same amount as long as it is not exceeded the
amount claimed by the agent. Therefore, its application could lead to
extreme situations, in the sense that either all the reduction in GHG
emissions would fall solely on CO2 gas, or only the sectors with the
most CO2 emissions would be the ones that would have to make every
effort to reduce emissions. This would respond more or less to what
is currently being done, but the effort to reduce GHGs should be a
shared effort among all gases and by all sectors and source categories,
obviously, each one in its fair measure. The constrained equal losses
rule equals the quantities lost allocating the endowment such that
to each claimant is reduced the same amount as long as it is not
exceed the amount claimed by the agent. In this case, we could have
the opposite effects to those described above, either we would have
to reduce (even completely) all greenhouse gases except CO2 gas, or
almost all the effort would fall on those who emit the least GHG, which
seems a bit absurd . Therefore, it seems appropriate to use the concept
of proportionality in this context, which is the one with the longest
tradition of use and whose spirit can be traced back to Aristotle (4th
Century BD).

In principle, the analysis of the methodology proposed in this paper
could be done for all the countries that make up the European Union,
but in this paper we have chosen only two of them, one that represents
the countries that are below the committed emissions and another
that is above it, Spain and Ireland, respectively. The exceeding of the
fixed threshold by Ireland and other few EU countries in 2018 can be
explained, at least in part, by the direct relationship between economic
and gross domestic product (GDP) growth and GHG emissions [25]; in
particular, it can be noted a strong increase in Irish real GDP per capita
(9.8%) compared to the value (2.1%) for the European Union averaging
in the period 2015–2018 [26]. Of course, other countries could have
been chosen using other classification criteria for EU countries, but
we think that the criteria used and the choice of countries made are
sufficient to adequately illustrate the proposed methodology and its
management and economic implications as ecological. Thus, in this
paper, knowing that maximum allowed emissions for Ireland were
exceeded in 2018 and taking into account that Spain had limited
its whole GHG emissions, with or without LULUCF, regardless of the
annual limitation imposed by Decision No 406/2009/EC, we focus on
the allocation of GHG emissions as CO2 equivalent taking into account
the amount of tonnes that each sector in Ireland and Spain can emit,
and how these quantities could be shared among source categories dis-
tinguishing each one of the greenhouse gases, which act as issues. We
consider a multi-issue bankruptcy problem where the agents (sectors
and categories or sub-sectors) claims are the GHG emissions in 2018,

and the resource to be shared corresponds to any percent reduction in
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Fig. 1. Example of a four levels hierarchical structure.
relation to Irish and Spanish GHG emissions (without LULUCF) in 2005.
These cases are intended to illustrate a new methodology to address
in a more comprehensive way the reduction of the main greenhouse
gases and what part of the reduction corresponds to each of the pro-
ductive sectors that emit those gases. This new methodology consists
of determining, through a multi-issue bankruptcy model, the emission
limits that correspond to each gas within each sector, and once these
limits are obtained, apply bankruptcy models to assign emission limits
for each of the gases to the categories within each sector. Therefore,
we consider a hierarchical structure like in Fig. 1 and to solve the
problem of setting emission limits, we successively apply a multi-issue
bankruptcy model for the three highest levels and bankruptcy models
in the last level, categories. Obviously the bankruptcy rules for multi-
issue bankruptcy problems and the bankruptcy rules could be different,
but the methodology would not change. In any case, the rules chosen
in this work, described in the following section, are based on fairness
principles, that are common in distribution problems, such as equality
and proportionality.

2. Methodology

Bankruptcy situations [10] study problems where an estate must be
divided among several claimants. The problem arises when the estate is
not large enough to cover all claims. A bankruptcy situation is a triple
(𝑁,𝐸, 𝑐) where 𝑁 = {1, 2,… , 𝑛} is the set of agents, 𝐸 > 0 is the estate
to be divided between agents and 𝑐 = (𝑐1,… , 𝑐𝑛) ∈ R𝑁

++ is the vector of
claims such that ∑𝑖∈𝑁 𝑐𝑖 > 𝐸.

To allocate the estate 𝐸 among the agents in 𝑁 , an allocation rule
for bankruptcy problems is defined as a function 𝑓 that assigns to every
(𝑁,𝐸, 𝑐) a unique vector 𝑓 (𝑁,𝐸, 𝑐) ∈ R𝑁 such that,

1. 0 ≤ 𝑓𝑖(𝑁,𝐸, 𝑐) ≤ 𝑐𝑖, for all 𝑖 ∈ 𝑁 ,
2. ∑

𝑖∈𝑁 𝑓𝑖(𝑁,𝐸, 𝑐) = 𝐸.

So, according to an allocation rule, every agent should receive a
non-negative allocation, smaller or equal than his claim, and the entire
estate should be distributed completely among the agents.

Probably the best known and most widely used solution concept
for bankruptcy situations is the proportional rule [24,27]. It distributes
awards proportionally to claims, equalizing the ratios between claims
and awards. This rule is defined for all bankruptcy situations (𝑁,𝐸, 𝑐)
as follows

𝑃 (𝑁,𝐸, 𝑐) = 𝜆𝑐, (1)

where 𝜆 = (𝐸∕
∑

𝑖∈𝑁 𝑐𝑖) ∈ (0, 1].
The second is the constrained equal-awards (CEA) rule, one of the

most prominent rules in a bankruptcy situation. The underlying idea is
that every agent should receive the same amount as long as this does
3

not exceed her claim. As it is made explicit in [11], ‘‘this rule has been
adopted as law by most major codifiers, including Maimonides (in his Laws
for Lending and Borrowing) [28]’’. Formally, for each 𝑖 ∈ 𝑁 ,

𝐶𝐸𝐴𝑖(𝑁,𝐸, 𝑐) = 𝑚𝑖𝑛{𝜆, 𝑐𝑖}, (2)

where 𝜆 satisfies ∑

𝑖∈𝑁 𝑚𝑖𝑛{𝜆, 𝑐𝑖} = 𝐸.
This rule can be obtained by an iterative process [11]. First, all

agents receive the same amount of estate, which cannot be greater
than the smallest claim among the agents. Then, the agents with the
smallest claim leave the sharing procedure. Next, a new iteration begins
by equally dividing the remaining part of the estate, if any, among
the rest of agents, and taking into account to distribute to each agent
equal or less than the second smallest claim. Then, the agents claiming
the second smallest claim leave the sharing process, and the procedure
continues considering the rest of agents until there is not any state left
to share.

Calleja et al. [16] extend the bankruptcy problems to incorporate
situations in which the available amount of resource must be allocated
among several agents, each of whom has several claims related to
different issues. Quoting [16, page 731]: ‘‘An issue constitutes a reason
on the basis of which the estate is to be divided’’. In this case, a problem
also arises when the amount of resource is insufficient to satisfy all
claims. These authors named these problems multi-issue allocation (MIA)
situations.

Formally, a MIA situation is a four-tuple (𝑅,𝑁,𝐸, 𝐶) where 𝑅 =
{1,… , 𝑟} is the set of issues, again 𝑁 = {1, 2,… , 𝑛} is the set of agents
and 0 < 𝐸 <

∑

𝑗∈𝑅
∑

𝑖∈𝑁 𝑐𝑖𝑗 is the estate to be distributed between
agents, but now 𝐶 ∈ R𝑅×𝑁

+ is a matrix of claims. Every row in 𝐶
represents an issue, and every column is an agent. An element 𝑐𝑖𝑗 ≥ 0
represents the amount that agent 𝑖 ∈ 𝑁 claims according to issue 𝑗 ∈ 𝑅.

A multi-issue bankruptcy rule is a mapping that associates with every
(𝑅,𝑁,𝐸, 𝐶) a unique matrix 𝑋(𝑅,𝑁,𝐸, 𝐶) = (𝑥𝑖𝑗 )𝑖∈𝑅,𝑗∈𝑁 ∈ R𝑅×𝑁 such
that,

1. 0 ≤ 𝑥𝑖𝑗 ≤ 𝑐𝑖𝑗 for all 𝑖 ∈ 𝑅, 𝑗 ∈ 𝑁 ,
2. ∑

𝑖∈𝑅
∑

𝑗∈𝑁 𝑥𝑖𝑗 = 𝐸.

The following basic assumption is made: an issue must first be fully
distributed before allocating the appropriate amount to the following
issue. Therefore, this assumption implies that an order of the issues is
needed to allocate the estate. An order of the elements of a finite set
𝐹 is a bijection 𝜋 ∶ {1,… , #𝐹 } → 𝐹 , where #𝐹 denotes the number
of elements in 𝐹 and 𝜋(𝑖) denotes the element in the 𝑖th position in
the order 𝜋. The set of all orders is denoted by ∏

(𝐹 ). According to
this, the set of all issues orders is ∏

(𝑅), and 𝜏 denotes an order of the
issues. Under the above assumption, given an order of distribution of
the issues, 𝜏, let 𝑡 = 𝑚𝑎𝑥{𝑡′|

∑𝑡′
𝑠=1 𝑐𝜏(𝑠) ≤ 𝐸}, where 𝑐𝜏(𝑠) =

∑

𝑗∈𝑁 𝑐𝜏(𝑠),𝑗 .

Therefore, the agents’ claims for the first 𝑡 issues in order 𝜏 are fully
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Fig. 2. Annual Irish GHG emissions and limits imposed by the European Union from 1990 to 2018. Data expressed in CO2 equivalent (kt).
satisfied. What to do with the part of the estate that is left? An
alternative is to resort to the proportional allocation, thus the part of
the estate that is left, 𝐸′ = 𝐸 −

∑𝑡
𝑠=1 𝑐𝜏(𝑠), is divided proportionally to

the claims according to the next issue in the order, i.e., issue 𝜏(𝑡 + 1).
So in total, agent 𝑗 ∈ 𝑁 will be allocated the following amount of the
estate

𝑓𝑃
𝑗 (𝜏) =

𝑡
∑

𝑠=1
𝑐𝜏(𝑠),𝑗 +

𝑐𝜏(𝑡+1),𝑗
𝑐𝜏(𝑡+1)

𝐸′.

Therefore, on the basis of these results, a multi-issue allocation
solution, called proportional run-to-the-bank rule [16] is defined

𝜌𝑃 = 1
|𝑁|!

∑

𝜎∈
∏

(𝑁)
𝜌𝑃 (𝜎),

where ∏

(𝑁) is the set of all agents orders, 𝜎 ∈
∏

(𝑁), and 𝜌𝑃 (𝜎) ∈ R𝑁

is defined recursively by

𝜌𝑃𝜎(𝑝)(𝜎) = max
𝜏∈

∏

(𝑅)

[

𝑓𝑃
𝜎(𝑝)(𝜏) −

𝑝−1
∑

𝑞=1
(𝜌𝑃𝜎(𝑞)(𝜎) − 𝑓𝑃

𝜎(𝑞)(𝜏))

]

(3)

for all 𝑝 ∈ {1,… , 𝑛}. That is interpreted as a ‘‘race’’ between the
agents to obtain the highest profit according to their demands for
each issue. The first agent that arrives, 𝜎(1), can choose the order,
𝜏 ∈

∏

(𝑅), in which the issues are dealt with and receives her payoff
accordingly. Next, agent 𝜎(2) arrives and she is asked to do the same.
She will choose that order that maximizes her own payoff minus the
corresponding compensation payments 𝜎(1) for the difference between
her settled payoff 𝜌𝑃𝜎(1)(𝜎) and her payoff according to the new order.
The same procedure is applied to all subsequent agents, each having
to compensate all her predecessors. Calleja et al. [16] proved that this
allocation rule coincide with the Shapley value (Shapley 1953) of a
suitable game associated with the problem. This fact is relevant because
the Shapley value is one of the most outstanding solutions in game
theory (see for example, [29,30]). Moreover, the Shapley value is a
useful tool to analyze allocation problems in the most general sense
[31]. Therefore, the selection of the proportional run-to-the bank rule
as an allocation mechanism is justified both from the point of view
of game theory and the elementary principles of proportionality and
fairness.

3. Results and discussion

The database for Global Atmospheric Research provides emission
time series until 2018 for greenhouse gases for all European Union
(EU) countries. As shown in Appendix, it can be observed that GHG
emissions from Spain and the majority of EU Member States, with the
exception of Ireland and few other countries, were below the limits
imposed on them by the European Union between 2016 and 2018
according to Decision No 406/2009/CE [32].
4

Fig. 3. Pie charts showing relative Irish GHG emissions by sector if bankruptcy is
ignored or considered.

3.1. Case study: Irish GHG emissions

Table 1 shows the distribution of Irish emissions in terms of tonnes
of CO2 equivalent among the sectors, source categories and types of
greenhouse gases in 2018. GHG emissions for that year can be con-
sidered as normal in contrast to 2020, the year the coronavirus disease
2019 (Covid-19) dominated. We consider four claimants (Energy, IPPU,
Agriculture and Waste sectors) to which we assigned the maximum
amounts of CO2 equivalent that they could have emitted in 2018.

As shown in Fig. 2, whole Irish GHG emissions exceeded in 2018
the limits imposed on them by the European Union until 2020 ac-
cording to Decision No 406/2009/CE. Regardless of flexibilities by
means of banking and transfer, among others, we make the distribution
among Energy, IPPU, Agriculture and Waste, leading to a multi-issue
bankruptcy case where these four sectors jointly claim higher GHG
emissions than the maximum allowance for Ireland in 2018, in which
we apply the proportional and proportional run-to-the-bank (PRTB)
rules, defined by Eq. (1) and recursively by (3), respectively. As men-
tioned above, GHG emissions from the sectors (the claimants) were
referred to as the claims, and the amount they could emit once the
above rule is applied would be the allocations. Irish LULUCF activities
were not taken into account for the allocation in accordance with
Decision No 406/2009/EC.

Data for the Irish bankruptcy case are shown in Table 2. In this case,
we can note here the reduction percents or cuts to be achieved by any
sector (without LULUCF) with respect to what was claimed by each
one (Table 3). When the PRTB rule is used, IPPU would have had to
achieve a 13.05% cut in its emissions (Table 3) and it would have been
the most affected sector in situation of bankruptcy. By contrast, Energy
was the least affected sector in such situation (emissions reduction near
3%). Also, as it can be seen in Fig. 3, the relative Irish GHG emissions
by sector, except Energy, are reduced in the situation of bankruptcy.
By contrast, all the sectors would have to achieve a 4.42% cut in its
emissions using the proportional rule (Table 3).
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Table 1
Irish total and individual GHG emissions by sector and category in 2018.

GHG emitting sources and sinks CO2 CH4 N2O HFCs PFCs SF6 Total

Equivalent CO2 (kt)

Energy 35961.53 257.84 365.39 36584.76
Energy industries 10 398.45 10.32 141.64 10 550.41
Manufacturing industries and construction 4714.94 10.88 16.57 4742.39
Transport 12 083.84 10.55 130.33 12 224.72
Other sub-sectors 8763.21 145.88 76.85 8985.94
Non-specific mobile emissions 0.88 0.88
Solid fuels (fugitive emissions) 0.01 18.65 18.65
Oil and natural gas (fugitive emissions) 0.20 61.56 61.76
Industrial processes and product use 2273.13 42.99 1100.36 49.86 40.92 3507.16
Mineral industry 2094.51 2094.51
Chemical industry 0.10 0.01 0.11
Metal production 0.01 0.01
Non-energy products from fuels and solvent use 178.51 178.51
Product uses as substitutes for ODSa 1100.36 49.86 1150.22
Other product manufacture and use 42.98 40.92 83.90
Agriculture 546.21 12970.14 6436.79 19953.14
Enteric fermentation 11 543.21 11 543.21
Manure management 1426.89 542.86 1969.75
Rice cultivation 0.01 0.01
Agricultural soils 5893.92 5893.92
Field burning of agricultural residues 0.03 0.01 0.04
Liming 457.45 457.45
Urea application 88.76 88.76
Waste 23.48 758.18 108.56 890.22
Solid waste disposal 692.71 692.71
Biological treatment of solid waste 14.95 10.69 25.64
Incineration and open burning of waste 23.48 0.17 0.25 23.90
Wastewater treatment and discharge 50.25 97.62 147.87
Other sources 0.10 0.10
Land Use, Land-Use Change and Forestry 3433.25 459.88 470.97 4364.10
Forest land −3822.73 81.69 181.11 −3559.93
Cropland −160.49 0.02 0.01 −160.46
Grasslands 6630.54 256.33 81.44 6968.31
Wetlands 1509.29 121.84 24.75 1655.88
Settlements 94.07 140.80 234.87
Other land 8.23 41.59 49.82
Harvested wood products −825.66 −825.66
Other 1.27 1.27

Total CO2 equivalent emissions (without LULUCF) 38804.35 13986.16 6953.73 1100.36 49.86 40.92 60935.38
Total CO2 equivalent emissions (with LULUCF) 42237.40 14446.04 7424.70 1100.36 49.86 40.92 65299.48

aODS = Ozone Depleting Substances.
g
E
t
b
t
t
e
F

t
h
t
t
b
c
a
s
l
P

3

t
t

Table 2
Sectoral maximum allowed GHG emissions (kt of CO2 equivalent) for Ireland in
2018.

Sectors Claims Allocation

PRTB rule Prop. rule

Energy 36 584.76 35 502.32 34 968.29
IPPU 3507.16 3049.33 3352.20
Agriculture 19 953.14 18 861.39 19 071.52
Waste 890.22 829.95 850.89

Total 60 935.38 58 242.99
(reduction) (2692.39)

Moreover, another important aspect of this research work lies in the
eed to take into account all the greenhouse gases contained in Annex
I to Directive 2003/87/EC. In 2018, the four referred sectors emitted
O2 and N2O in Ireland, while IPPU was the only one that did not emit
H4 (Table 1). After applying both cuts to each sector with respect to
hat was claimed by each one in 2018, and once obtained the limits
f tonnes of CO2 equivalent that each sector could have emitted that

year in Ireland, these amounts could have been distributed proportion-
ally among the individual greenhouse gases emitted by each sector
(Table 3), by using the proportional rule. Focusing on the individual
greenhouse gases in the situation of bankruptcy (see Table 3), CO2
epresented most of the Irish GHG emissions from Energy and IPPU
5

n 2018, while N2O and CH4 were the major individual greenhouse s
ases emitted by Agriculture and Waste. Thus, it is worth noting that
nergy would have claimed about 98% of the maximum amount of CO2
hat could be emitted in the situation of bankruptcy (Table 3). It can
e also highlighted that Agriculture accounted for about 92% of the
otal amount of CH4 and N2O emitted by the four mentioned sectors in
he situation of bankruptcy (Table 3). In 2018, the main CH4 and N2O
missions were observed for the source categories named as Enteric
ermentation and Agricultural Soils, respectively (Table 1).

Furthermore, we made an allocation among categories to determine
he maximum allowed quantities of CO2 equivalent that they could
ave emitted for each individual greenhouse gas in 2018. The propor-
ional rule has been used for the allocation of GHG emissions from
he four referred sectors among their categories in the situation of
ankruptcy. When comparing claims on each category (Table 1) and
orresponding sub-sectoral maximum allowed GHG emissions obtained
fter using the proportional and PRTB rules to allocate the emissions to
ectors (Table 4), the Energy categories would have been the only ones
ess affected by a reduction in CO2, CH4 and N2O emissions if using the
RTB rule, and vice versa if the proportional rule is used.

.2. Case study: Spanish GHG emissions

Table 5 shows the distribution of Spanish emissions in terms of
onnes of CO2 equivalent among the sectors, source categories and
ypes of greenhouse gases in 2018. GHG emissions for 2018 or 2019

hould be also taken rather than 2020 data, which is also available,
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Table 3
Sectoral maximum allowances for Irish GHG emissions (kt of CO2 equivalent) by gas in 2018.

Energy IPPU

Gas Claims Allocation Gas Claims Allocation

PRTB Prop. PRTB Prop.

CO2 35 961.53 34 897.53 34 372.59 CO2 2273.04 1976.31 2172.69
CH4 257.84 250.21 246.45 CH4
N2O 365.39 354.58 349.25 N2O 42.98 37.37 41.09
HFCs HFCs 1100.36 956.72 1051.74
PFCs PFCs 49.86 43.35 47.66
SF6 SF6 40.92 35.58 39.11

Total 36 584.76 35 502.32 34 968.29 Total 3507.16 3049.33 3352.20
(reduction) (2.96%) (4.42%) (reduction) (13.05%) (4.42%)

Agriculture Waste

Gas Claims Allocation Gas Claims Allocation

PRTB Prop. PRTB Prop.

CO2 546.21 516.32 522.08 CO2 23.48 21.89 22.44
CH4 12 970.14 12 260.47 12 397.06 CH4 758.18 706.85 724.68
N2O 6436.79 6084.60 6152.38 N2O 108.56 101.21 103.76
HFCs HFCs
PFCs PFCs
SF6 SF6

Total 19 953.14 18 861.39 19 071.52 Total 890.22 829.95 850.89
(reduction) (5.47%) (4.42%) (reduction) (6.77%) (4.42%)
m
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due to this latter year is defined as anomalous since COVID-19 reached
Europe at the beginning of 2020 and a lockdown was imposed across
the country for that year, limiting human mobility to decrease the
people infected by SARS-CoV-2. Consequently, abnormally low Spanish
GHG emissions were observed throughout a confinement period (16th
March–10th May 2020) followed by a relaxation period between 11th
May and 31st July characterized by a mild reduction in mobility
restrictions [33]. Obviously, the claimants are the same as in the case
of Ireland.

The Spanish LULUCF sector has not been initially taken into account
for the allocation in accordance with Decision No 406/2009/EC. The
negative amounts (removals) observed for this latter sector, which
means that it absorbs a quantity of CO2, will be distributed using the
proportional and PRTB rules. As shown in Fig. 4, like most countries
of the European Union (see Appendix), whole Spanish GHG emissions
were in 2018 below the limits imposed on them by the European Union.
Nevertheless, given that any Member State can limit the greenhouse gas
emissions beyond its obligations under the European legislation, Spain
can establish annual binding limits of its GHG emissions in order to
meet more stringent national objectives, so we investigated four cases
based on different emission reduction targets (26, 30, 34 and 38%)
in relation to 2005. As mentioned above, we first made the distribu-
tion among Energy, IPPU, Agriculture and Waste, without emissions
and removals from LULUCF activities, leading to four situations of
bankruptcy where these sectors jointly would have claimed higher GHG
emissions than maximum allowances in 2018, in which we can apply
the proportionality and PRTB rules, defined by Eq. (1) and recursively
by Eq. (3), respectively.

Data for the above-mentioned bankruptcy cases are shown in
Table 6. Noteworthy is that as the reduction target was higher, the
Spanish objectives would have been more stringent and the greater the
efforts that sectors would have made to reduce their GHG emissions
in 2018. In the four bankruptcy cases when the PRTB rule is used,
we may note here the reduction percents or cuts to be achieved by
any sector (without LULUCF) with respect to what was claimed by
each one (Table 7). Except for the 26% reduction target where IPPU
would have had to achieve a 7.77% cut in its emissions (Table 7),
Agriculture and Waste would have been the most affected sectors by
bankruptcy cases. Thus, the 38% target for reducing Spanish GHG
emissions in 2018 would have led to emissions from the two latter
sectors of approximately half of the tonnes of CO2 equivalent claimed
by them both in that year (Table 7). By contrast, for each of the four
6

emission reduction targets in relation to 2005, Energy was the least
affected sector by any bankruptcy case. When excluding LULUCF, it is
observed that as the reduction target was higher (Fig. 5), the relative
Spanish GHG emissions from Waste and Agriculture sectors were lower,
as opposed to Energy; while the relative GHG emissions from IPPU were
reduced below 8% for the lowest reduction targets and to 8.2% for the
highest reduction targets (see Fig. 5). By contrast, all the sectors would
have to achieve the same cut in its emissions using the proportional
rule in each bankruptcy case (Table 7).

In regards to the individual greenhouse gases, during 2018 the four
referred sectors emitted CH4 and N2O in Spain, while IPPU was the
only one that emitted fluororinated greenhouse gases and Waste was
the unique sector that did not emit CO2 (Table 5). After applying
the reduction percents or cuts to each sector using the proportionality
and PRTB rules (without LULUCF) with respect to what was claimed
by each one in 2018, and once obtained for each reduction target
the limits of tonnes of CO2 equivalent that each sector could have
emitted that year in Spain, these quantities could have been distributed
proportionally among the individual greenhouse gases emitted by each
sector (Table 7), by using the proportional rule.

Focusing on the individual greenhouse gases in the bankruptcy
cases if excluding LULUCF, as shown in Table 7, CO2 represented the

ajority of the Spanish GHG emissions from Energy and IPPU in 2018;
hile CH4 and N2O were the main individual greenhouse gases emitted
y Agriculture and Waste. Thus, it can be noted that Energy would
ave claimed more than 90% of the maximum amount of CO2 that
ould be emitted in each of the four bankruptcy scenarios (Table 7).
t is also noteworthy that Agriculture accounted for around 60% and
5% of the total quantity of CH4 and N2O emitted by the four referred
ectors in each of the four bankruptcy scenarios (Table 7). As in the
rish case, CH4 and N2O, respectively, were mostly emitted from the
ource categories named as Enteric Fermentation and Agricultural Soils
n 2018 (Table 5).

Last, if excluding LULUCF, we make an allocation among categories
o determine the maximum allowed amounts of tonnes of CO2 equiv-

alent that they could have emitted for each individual greenhouse gas
in 2018. For this purpose, the proportional rule has been used for
the allocation of GHG emissions from the four referred sectors among
source categories in the bankruptcy case for the most stringent Spanish
emission reduction target (38%) related to 2005. In a comparison of
the claims on each category (Table 5) and corresponding sub-sectoral
maximum allowed GHG emissions obtained using the proportional and
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Table 4
Maximum allowed GHG emissions by gas and category for Ireland in 2018. Values from the application of the PRTB rule to allocate the emissions to sectors in cursive.

Sectors and categories CO2 CH4 N2O HFCs PFCs SF6 Total

Equivalent CO2 (kt)

Energy

Energy industries 10 090.78 10.01 137.45 10 238.24
9939.00 9.86 135.38 10 084.25

Manufacturing industries and construction 4575.43 10.56 16.08 4602.07
4506.61 10.40 15.84 4532.85

Transport 11 726.30 10.24 126.47 11 863.01
11 549.92 10.08 124.57 11 684.58

Other sub-sectors 8503.92 141.56 74.58 8720.06
8376.01 139.43 73.45 8588.90

Non-specific mobile emissions 0.88 0.88
0.84 0.84

Solid fuels (fugitive emissions) 0.01 18.10 18.11
0.01 17.83 17.83

Oil and natural gas (fugitive emissions) 0.20 59.74 59.94
0.19 58.84 59.03

Industrial processes and product use

Mineral industry 1821.08 1821.08
2001.97 2001.97

Chemical industry 0.10 0.01 0.11
0.11 0.01 0.12

Metal production 0.01 0.01
0.01 0.01

Non-energy products from fuels and solvent use 155.21 155.21
170.62 170.62

Product uses as substitutes for ODS 956.72 43.35 1000.07
1051.74 47.66 1099.40

Other product manufacture and use 37.36 35.58 72.94
41.08 39.11 80.19

Agriculture

Enteric fermentation 10 911.61 10 911.61
11 033.18 11 033.18

Manure management 1348.82 513.16 1861.98
1363.84 518.87 1882.72

Rice cultivation 0.01 0.01
0.01 0.01

Agricultural soils 5571.43 5571.43
5633.50 5633.50

Field burning of agricultural residues 0.03 0.01 0.04
0.03 0.01 0.04

Liming 432.42 432.42
437.24 437.24

Urea application 83.90 83.90
84.84 84.84

Waste

Solid waste disposal 645.81 645.81
662.10 662.10

Biological treatment of solid waste 13.94 9.97 23.91
14.29 10.22 24.51

Incineration and open burning of waste 21.89 0.16 0.23 22.28
22.44 0.16 0.24 22.84

Wastewater treatment and discharge 46.85 91.01 137.86
48.03 93.31 141.34

Other sources 0.09 0.09
0.10 0.10
PRTB rules to allocate the emissions to sectors (Table 8), the Energy
categories would have been again the only ones less affected by a
reduction in CO2, CH4 and N2O emissions if using the PRTB rule, and
vice versa if the proportional rule is used.

With respect to the second type of situations under study, for each
of the cases based on different emission reduction targets (26, 30, 34
7

and 38%) in relation to 2005, we may take into account the sum of
total net removals and total net emissions from the LULUCF sector
for 2018 (approximately −38 Mt of CO2 equivalent; see Table 5). The
proportional and PRTB rules have been used for the allocation of GHG
emissions among the four referred sectors for each reduction target in
case that emissions and removals from LULUCF activities in 2018 were
included or not. As shown in Table 9, inclusion of LULUCF only led

to bankruptcy cases for the 34% and 38% reduction targets compared
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Table 5
Spanish total and individual GHG emissions by sector and category in 2018.

GHG emitting sources and sinks CO2 CH4 N2O HFCs PFCs SF6 Total

Equivalent CO2 (kt)

Energy 248829.03 2585.40 1969.70 253384.03
Energy industries 71 485.93 239.62 510.59 72 236.14
Manufacturing industries and construction 45 255.31 950.87 202.33 46 408.51
Transport 89 214.72 91.69 962.36 90 268.77
Other sub-sectors 38 634.68 1045.61 290.50 39 970.79
Non-specific mobile emissions 447.31 0.30 3.92 451.53
Solid fuels (fugitive emissions) 7.40 75.41 82.81
Oil and natural gas (fugitive emissions) 3783.68 181.90 3965.58
Industrial processes and product use 20326.64 134.56 830.17 6107.72 130.42 226.90 27756.39
Mineral industry 12 656.82 12 656.82
Chemical industry 3685.93 112.04 425.11 4223.08
Metal production 3125.09 22.52 0.06 123.80 3271.47
Non-energy products from fuels and solvent use 858.80 858.80
Product uses as substitutes for ODS 6107.72 6.62 6114.34
Other product manufacture and use 405.02 226.90 631.92
Agriculture 498.60 24916.12 14229.09 39643.81
Enteric fermentation 17 668.90 17 668.90
Manure management 6794.92 1906.37 8701.29
Rice cultivation 433.19 433.19
Agricultural soils 12 316.83 12 316.83
Field burning of agricultural residues 19.11 5.89 25.00
Liming 25.82 25.82
Urea application 472.78 472.78
Waste 12086.39 1384.56 13470.95
Solid waste disposal 9930.88 9930.88
Biological treatment of solid waste 380.21 256.70 636.91
Incineration and open burning of waste 321.33 326.32 647.65
Wastewater treatment and discharge 1453.17 801.54 2254.71
Other sources 0.80 0.80
Land Use, Land-Use Change and Forestry −38549.55 164.66 288.68 −38096.21
Forest land −33 740.83 151.18 154.60 −33 435.05
Cropland −3713.57 7.10 61.59 −3644.88
Grassland 41.81 6.38 8.52 56.71
Wetlands 53.80 53.80
Settlements 1235.00 57.04 1292.04
Other land 21.78 1.91 23.69
Harvested wood products −2447.54 −2447.54
Other 5.02 5.02

Total CO2 equivalent emissions (without LULUCF) 269654.27 39722.47 18413.52 6107.72 130.42 226.90 334255.30
Total CO2 equivalent emissions (with LULUCF) 231104.72 39887.13 18702.20 6107.72 130.42 226.90 296159.09
Fig. 4. Annual Spanish GHG emissions and limits imposed by the European Union from 1990 to 2018. Data expressed in CO2 equivalent (kt).
Fig. 5. Pie charts showing relative Spanish GHG emissions by sector (without LULUCF) in each of the bankruptcy cases based on the four reduction targets in comparison with
non-bankruptcy.
8



Socio-Economic Planning Sciences 89 (2023) 101697E. Algaba et al.
Table 6
Sectoral maximum allowed GHG emissions (kt of CO2 equivalent) for Spain in 2018 if excluding LULUCF.

Sectors Claims Allocation

26% 30% 34% 38%

PRTB Prop. PRTB Prop. PRTB Prop. PRTB Prop.

Energy 253 384.00 251 549.08 248 752.01 243 272.69 235 305.93 234 485.61 221 859.84 224 831.36 208 413.84
IPPU 27 756.30 25 601.67 27 248.94 24 665.72 25 776.02 23 883.12 24 303.10 22 626.46 22 830.19
Agriculture 39 643.80 38 105.42 38 919.05 31 842.52 36 815.31 26 230.94 34 711.58 20 603.71 32 607.85
Waste 13 471.00 12 888.69 13 224.77 10 626.37 12 509.91 8070.07 11 795.06 6870.66 11 080.21

Total 334 255.00 328 144.90 310 407.30 292 669.70 274 932.20
(reduction) (6110.10) (23 847.70) (41 585.30) (59 322.80)
Table 7
Sectoral maximum allowances for Spanish GHG emissions (kt of CO2 equivalent) by gas in 2018 if excluding LULUCF.

Energy

Gas Claims Allocation

26% 30% 34% 38%

PRTB Prop. PRTB Prop. PRTB Prop. PRTB Prop.

CO2 248 829.00 247 026.97 244 280.25 238 899.36 231 075.88 230 270.25 217 871.52 220 789.55 204 667.22
CH4 2585.40 2566.68 2538.10 2482.23 2400.91 2392.57 2263.71 2294.06 2126.52
N2O 1969.70 1955.435 1933.66 1891.10 1829.14 1822.79 1724.62 1747.74 1620.09
HFCs
PFCs
SF6

Total 253 384.00 251 549.08 248 752.01 243 272.69 235 305.93 234 485.61 221 859.84 224 831.36 208 413.84
(reduction) (0.72%) (1.83%) (3.99%) (7.13%) (7.46%) (12.44%) (11.27%) (17.75%)

IPPU

Gas Claims Allocation

26% 30% 34% 38%

PRTB Prop. PRTB Prop. PRTB Prop. PRTB Prop.

CO2 20 326.60 18 748.71 19 955.06 18 063.29 18 876.40 17 490.18 17 797.75 16 569.90 16 719.10
CH4 134.50 124.06 132.10 119.52 124.96 115.73 117.82 109.64 110.68
N2O 830.20 765.75 815.02 737.76 770.96 714.35 726.91 676.76 682.85
HFCs 6107.70 5633.58 5996.07 5427.63 5671.95 5255.42 5347.84 4978.89 5023.73
PFCs 130.40 120.28 128.05 115.88 121.13 112.20 114.21 106.30 107.29
SF6 226.90 209.29 222.73 201.64 210.69 195.24 198.65 184.97 186.61

Total 27 756.30 25 601.67 27 248.94 24 665.72 25 776.02 23 883.12 24 303.10 22 626.46 22 830.19
(reduction) (7.76%) (1.83%) (11.13%) (7.13%) (13.95%) (12.44%) (18.48%) (17.75%)

Agriculture

Gas Claims Allocation

26% 30% 34% 38%

PRTB Prop. PRTB Prop. PRTB Prop. PRTB Prop.

CO2 498.60 479.25 489.49 400.48 463.04 329.91 436.58 259.13 410.12
CH4 24 916.10 23 949.23 24 460.62 20 013.00 23 138.42 16 486.13 21 816.22 12 949.42 20 494.03
N2O 14 229.10 13 676.94 13 968.93 11 429.04 13 213.86 9414.91 12 458.78 7395.16 11 703.70
HFCs
PFCs
SF6

Total 39 643.80 38 105.42 38 919.05 31 842.52 36 815.31 26 230.94 34 711.58 20 603.71 32 607.85
(reduction) (3.88%) (1.83%) (19.68%) (7.13%) (33.83%) (12.44%) (48.03%) (17.75%)

Waste

Gas Claims Allocation

26% 30% 34% 38%

PRTB Prop. PRTB Prop. PRTB Prop. PRTB Prop.

CO2
CH4 12 086.40 11 563.94 11 865.45 9534.15 11 224.08 7240.60 10 582.70 6164.47 9941.33
N2O 1384.60 1324.75 1359.31 1092.22 1285.84 829.47 1212.36 706.19 1138.88
HFCs
PFCs
SF6

Total 13 471.00 12 888.69 13 224.77 10 626.37 12 509.91 8070.07 11 795.06 6870.66 11 080.21
(reduction) (4.32%) (1.83%) (21.12%) (7.13%) (40.09%) (12.44%) (49.00%) (17.75%)
to 2005. These outcomes are consistent with the fact that differences
between total GHG claims and maximum allowed emissions in Spain
(without LULUCF; see Table 6), in terms of tones of CO2 equivalent,
would not exceed the total removals (c.a. 38 Mt of CO equivalent in
9

2

2018) observed for the LULUCF sector in cases in which the reduction
targets were 26% and 30% compared to 2005, in contrast to those
cases corresponding to the 34% and 38% reduction targets. As it can be
seen in Fig. 6, when the PRTB rule is used, noteworthy is also that the
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Table 8
Maximum allowed GHG emissions (without LULUCF) by gas and category for Spain in 2018. Values from the application of the PRTB rule first in cursive.

Sectors and sub-sectors CO2 CH4 N2O HFCs PFCs SF6 Total

Equivalent CO2 (kt)

Energy

Energy industries 63 430.53 212.60 453.00 64 096.13
58 798.76 197.06 419.93 59 415.75

Manufacturing industries and construction 40 155.66 843.75 179.51 41 178.92
37 223.43 782.14 166.40 38 171.97

Transport 79 161.45 81.37 853.99 80 096.81
73 381.03 75.43 791.63 74 248.09

Other sub-sectors 34 281.11 927.77 257.78 35 466.66
31 777.92 860.06 238.93 32 876.91

Non-specific mobile emissions 396.90 0.26 3.46 400.62
367.92 0.25 3.22 371.39

Solid fuels (fugitive emissions) 6.57 66.90 73.47
6.05 62.02 68.08

Oil and natural gas (fugitive emissions) 3357.33 161.40 3518.73
3112.14 149.59 3261.75

Industrial processes and product use

Mineral industry 10 317.64 10 317.64
10 410.56 10 410.56

Chemical industry 3004.67 91.30 346.54 3442.51
3031.72 92.16 349.66 3473.53

Metal production 2547.52 18.34 0.05 100.84 2666.75
2570.48 18.52 0.05 101.81 2690.76

Non-energy products from fuels and solvent use 700.08 700.08
706.35 706.35

Product uses as substitutes for ODS 4978.89 5.46 4984.35
5023.73 5.48 5029.22

Other product manufacture and use 330.16 184.97 515.13
333.14 186.61 519.72

Agriculture

Enteric fermentation 9182.90 9182.90
14 533.05 14 533.05

Manure management 3531.45 990.80 4522.25
5588.97 1568.02 7156.99

Rice cultivation 225.14 225.14
356.32 356.32

Agricultural soils 6401.30 6401.30
10 130.83 10 130.83

Field burning of agricultural residues 9.93 3.07 13.00
15.69 4.85 20.54

Liming 13.41 13.41
21.19 21.19

Urea application 245.72 245.72
388.92 388.92

Waste

Solid waste disposal 5065.09 5065.09
8168.40 8168.40

Biological treatment of solid waste 193.91 130.93 324.84
312.73 211.17 523.91

Incineration and open burning of waste 163.87 166.44 330.31
264.29 268.42 532.71

Wastewater treatment and discharge 741.18 408.82 1150.00
1195.26 659.29 1854.55

Other sources 0.41 0.41
0.65 0.65
relative Spanish GHG emissions from the Energy sector was increased
in the bankruptcy cases for the 34% and 38% reduction targets (with
LULUCF); while the relative GHG emissions from the rest of the sectors
were reduced for the 34% and 38% reduction targets (see Fig. 6). By
contrast, the relative GHG emissions from all the sectors did not vary
using the proportional rule in both bankruptcy cases.
10
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Through its focus on the individual greenhouse gases in the
bankruptcy cases if including LULUCF (Table 10), predictably, Energy
would have again claimed near 100% of the maximum amount of
CO2 that could be emitted in any bankruptcy case, while Agriculture
accounted for most of CH4 and N2O emitted by the four referred sectors.
t can be also observed that Spanish maximum allowed emissions for
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Fig. 6. Pie charts showing relative Spanish GHG emissions by sector (with LULUCF) in bankruptcy cases based on the 34% and 38% reduction targets, as well as in the
non-bankruptcy cases based on the 26% and 30% reduction targets.
Table 9
Sectoral maximum allowed GHG emissions (kt of CO2 equivalent) for Spain in 2018 if
including LULUCF.

Sectors Claims Allocation

34% 38%

PRTB Prop. PRTB Prop.

Energy 253 384.00 252 336.13 250 738.88 244 526.36 237 292.87
IPPU 27 756.30 26 526.01 27 466.59 24 809.94 25 993.68
Agriculture 39 643.80 38 765.26 39 229.91 32 707.84 37 126.19
Waste 13 471.00 13 138.50 13 330.40 10 984.27 12 615.55

Total 334 255.00 330 765.91 313 028.41
(reduction) (3489.09) (21 226.59)

all the sectors would be higher than those corresponding to bankruptcy
cases based on the 34% and 38% reduction targets if excluding LULUCF
(see Table 7), as was also to be expected.

Finally, when LULUCF activities were taken into account for the
distribution of emissions reduction efforts, we also make an allocation
among categories to determine the maximum allowances of CO2 equiv-
alent that they could have emitted for each individual greenhouse gas
in 2018. The proportional rule has been again used for the allocation of
GHG emissions from the four referred sectors among source categories
in the bankruptcy case for the most stringent Spanish emission reduc-
tion target (38%) related to 2005. Table 11 shows differences when
undertaking a comparison of the claims on each category (Table 5) and
corresponding sub-sectoral maximum allowances of GHG emissions ob-
tained using the proportional and PRTB rules to allocate the emissions
to sectors (Table 11), the Energy categories would have been the only
ones less affected by a reduction in CO2, CH4 and N2O emissions if
using the PRTB rule, and vice versa if the proportionality rule is used,
as mentioned previously.

3.3. Economic insights

Comparing Irish GHG emissions with Spanish ones before and after
applying the model based on the proportional run-to-the-bank rule,
the most noteworthy is that Irish and Spanish emissions per capita are
about 12 and 7 tons of CO2 equivalent, respectively, estimating the Irish
and Spanish populations at 4.9 and 46.8 people in 2018. Regarding the
relative contribution of each sector to national GHG emissions in 2018,
the order in Ireland and Spain is the same (Energy > Agriculture >
IPPU > Waste). However, it can be observed clear differences between
Ireland and Spain when comparing contributions of sectors such as
Energy (60 and 75%) and Agriculture (32 and 12%), while the IPPU and
Waste contributions show small differences in both countries (6–8% and
2–5%). Finally, the results obtained applying the PRTB rule indicate that
Energy is the only sector whose relative contribution increased slightly
in Ireland and Spain (see Figs. 3 and 5).

With respect to the dependence of national GHG emissions on
macroeconomic indicators such as GDP per capita, trade in goods and
services (exports and imports), inflation rate, and unemployment in
11
Table 10
Sectoral maximum allowances for Spanish GHG emissions (kt of CO2 equivalent) by
gas in 2018 if including LULUCF.

Energy

Gas Claims Allocation

34% 38%

PRTB Prop. PRTB Prop.

CO2 248 829.00 247 799.94 246 231.40 240 130.56 233 027.11
CH4 2585.40 2574.67 2558.37 2494.99 2421.18
N2O 1969.70 1961.52 1949.10 1900.81 1844.58
HFCs
PFCs
SF6

Total 253 384.00 252 336.13 250 738.88 244 526.36 237 292.87
(reduction) (0.41%) (1.04%) (3.50%) (6.35%)

IPPU

Gas Claims Allocation

34% 38%

PRTB Prop. PRTB Prop.

CO2 20 326.60 19 425.64 20 114.45 18 168.92 19 035.80
CH4 134.50 128.60 133.16 120.28 126.01
N2O 830.20 793.39 821.53 742.07 777.47
HFCs 6107.70 5836.99 6043.96 5459.37 5719.85
PFCs 130.40 124.65 129.07 116.59 122.15
SF6 226.90 216.82 224.51 202.79 212.47

Total 27 756.30 26 526.01 27 466.59 24 809.94 25 993.68
(reduction) (4.43%) (1.04%) (10.62%) (6.35%)

Agriculture

Gas Claims Allocation

34% 38%

PRTB Prop. PRTB Prop.

CO2 498.60 487.56 493.40 411.37 466.95
CH4 24 916.10 24 363.96 24 656.00 20 556.88 23 333.81
N2O 14 229.10 13 913.74 14 080.51 11 739.59 13 325.43
HFCs
PFCs
SF6

Total 39 643.80 38 765.26 39 229.91 32 707.84 37 126.19
(reduction) (2.22%) (1.04%) (17.50%) (6.35%)

Waste

Gas Claims Allocation

34% 38%

PRTB Prop. PRTB Prop.

CO2
CH4 12 086.40 11 788.05 11 960.23 9855.25 11 318.85
N2O 1384.60 1350.45 1370.17 1129.02 1296.69
HFCs
PFCs
SF6

Total 13 471.00 13 138.50 13 330.40 10 984.27 12 615.55
(reduction) (2.47%) (1.04%) (18.46%) (6.35%)
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Table 11
Maximum allowed GHG emissions (with LULUCF) by gas and category for Spain in 2018. Values from the application of the PRTB rule first in cursive.

Sectors and sub-sectors CO2 CH4 N2O HFCs PFCs SF6 Total

Equivalent CO2 (kt)

Energy

Energy industries 68 987.01 231.21 492.69 69 710.91
66 946.26 224.37 478.11 67 648.74

Manufacturing industries and construction 43 673.25 917.66 195.23 44 786.15
42 381.33 890.51 189.46 43 461.30

Transport 86 095.99 88.50 928.80 87 113.30
83 549.13 85.88 901.32 84 536.34

Other sub-sectors 37 284.18 1009.09 280.33 38 573.59
36 181.25 979.24 272.04 37 432.52

Non-specific mobile emissions 431.67 0.29 3.78 435.75
418.90 0.28 3.67 422.86

Solid fuels (fugitive emissions) 7.10 72.77 79.87
6.89 70.62 77.51

Oil and natural gas (fugitive emissions) 3651.38 175.51 3826.92
3543.37 170.32 3713.72

Industrial processes and product use

Mineral industry 11 313.32 11 313.32
11 853.11 11 853.11

Chemical industry 3294.62 100.15 379.98 3774.74
3451.81 104.92 398.11 3954.85

Metal production 2793.38 20.13 0.05 110.64 2924.09
2926.66 21.09 0.06 115.92 3063.60

Non-energy products from fuels and solvent use 767.60 767.60
804.22 804.22

Product uses as substitutes for ODS 5459.37 5.95 5465.34
5719.85 6.24 5726.10

Other product manufacture and use 362.03 202.79 564.79
379.30 212.47 591.74

Agriculture

Enteric fermentation 14 577.62 14 577.62
16 546.84 16 546.84

Manure management 5606.11 1572.83 7178.94
6363.41 1785.29 8148.71

Rice cultivation 357.41 357.41
405.69 405.69

Agricultural soils 10 161.90 10 161.90
11 534.62 11 534.62

Field burning of agricultural residues 15.74 4.86 20.60
17.86 5.52 23.38

Liming 21.26 21.26
24.13 24.13

Urea application 390.12 390.12
442.81 442.81

Waste

Solid waste disposal 8097.68 8097.68
9300.27 9300.27

Biological treatment of solid waste 310.02 209.34 519.37
356.07 240.43 596.50

Incineration and open burning of waste 262.00 266.10 528.10
300.91 305.62 606.52

Wastewater treatment and discharge 1184.91 653.58 1838.49
1360.88 750.64 2111.52

Other sources 0.64 0.64
0.74 0.74
12
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Europe, literature has shown a positive relationship between increased
economic activity and production, measured by GDP per capita (Irish
and Spanish values about 79 000 and 30 000 USD/hab in 2018) or the
ratio of exports plus imports over GDP (trade openness of 217.1 and
67.6% in Ireland and Spain, respectively, in 2018), and GHG emissions
(e.g., [34,35]); whereas the rates of inflation (Ireland and Spain values
for 2018 were 0.49 and 1.68%) and unemployment (Irish and Spanish
rates of 4.95 and 15.25% in 2018) have a negative effect on GHG
emissions because the reduction of both parameters indicates economic
growth (e.g., [36,37]).

4. Conclusions

In this study, we propose a novel methodology to allocate annual
GHG emissions in EU Member States among sectors and source cat-
egories using bankruptcy rules. We consider the cases of Ireland and
Spain, two representative countries claiming for amounts of emissions
in 2018 that would be higher than the limits imposed on them by the
European Union and more stringent national regulations, respectively.
These are conflicting claims problems that require discussion on which
division rules should be applied. As a result, we show how bankruptcy
techniques emerge as a very useful and suitable tool to allocate annual
GHG emissions. While the proportional and proportional run-to-the-
bank rules were applied to allocate GHG emissions by sector, only
the proportional rule was used in order to distribute the maximum
allowances of tonnes of CO2 equivalent by sector among the individual
greenhouse gases emitted by each sector. Finally, the proportional rule
also appeared to be useful for the allocation of GHG emissions from the
sectors among their source categories in situations of bankruptcy. When
comparing the results obtained using the proportional and proportional
bank-to-the-bank rules, it is worth noting that the Energy categories
would have been less affected by a reduction in CO2, CH4 and N2O
emissions if using the PRTB rule to allocate the GHG emissions to
sectors, contrary to what happened to the rest of categories.

The proposed methodology allows greater control by the public
administration in charge of managing the reduction of greenhouse
gases since it differentiates the reductions by gases, sectors and source
categories. This implies that the economic impact and the environmen-
tal impact can be better measured since emission reductions are made
at a more microscopic level than in the more general case of simply
seeking to reduce greenhouse gas emissions in terms of CO2 equiva-
lent emissions. Although it is true that transfers between claims and
claimants are possible in real life, so their actual implementation could
be difficult, it is no less true that better control of differentiated gas
emissions is possible today and, moreover, the reduction of emissions
should be an effort made by each one according to their emissions and
possibilities, which leads to an approach closer to the one presented
in this paper. Thus, one of the advantages of this approach is that
the economic impact of the reductions can be controlled in a more
disaggregated way, by sectors and source categories, and, therefore,
would facilitate the design of public economic policies to soften their
impact through compensation and incentive systems, which would also
allow the transfer between claims and claimants but introducing fair
mechanisms among all the agents involved.

Finally, in this paper the principle of proportionality has been
used as part of the methodology to allocate greenhouse gas emissions,
but others could have been applied. However, as we have already
commented, egalitarian rules, both in terms of awards and losses,
would be ruled out. It only remains to ask what properties, apart from
the proportionality principle itself, make the rules used in this paper
interesting. Calleja et al. [16] prove that the proportional run-to-the-
bank rule belongs to the core of an associated game which makes the
allocation obtained with this rule coalitionally stable. Furthermore, this
rule is characterized using a consistency principle similar to that of
O’Neill [10]. On the other hand, the proportional rule for multi-issue
13

bankruptcy problems is characterized by using two properties related
to the non-advantageous transfer of claims, i.e., the allocation does not
change with ex ante transfers between claims and claimants [38].

We would like to emphasize some of the implications of the proper-
ties mentioned in the context of the allocation of emissions of different
GHGs between sectors and categories of a country. The fact that an
allocation is coalitionally stable, it is particularly interesting, since
it guarantees that there exists no affected part that may complain
individually of the allocation, nor any group of affected (which could
form a kind of lobby) that may collectively complain about what is
received in the distribution of total emissions. On the other hand,
O’Neill’s idea refers to the desirable fact that applying the distribution
mechanism to the particular problem and applying it to some specific
subproblems and adding the results of these subproblems should pro-
duce the same allocation. Therefore, the mechanism could be applied
to smaller specific subproblems and then add the results. Finally, the
property of non-advantageous transfer of claims properties underlines
that the final allocation does depend on neither the number of groups of
greenhouse gases nor the number of sectors and categories considered
but only on the aggregate claims of each greenhouse gas and on the
particular claims of each affected part independently of the number of
groups into which they are distributed.
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Appendix

Annual national GHG emissions (in blue) and limits imposed (or-
ange color) by the European Union from 2013 to 2018 (see Fig. A.1).
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Fig. A.1. Annual national GHG emissions (in blue) and limits (in orange) from 2013 to 2018.
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