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Optimal Timing of Greenhouse Gas Emissions Abatement in Europe
Chryso Sotiriou and Theodoros Zachariadis±

ABSTRACT
Decarbonization by the mid-21st century requires strong commitment to greenhouse emission
abatement measures, but national emission reduction pledges are made for the medium term.
Achieving medium term targets without taking into account the long term can lead to a lock-in
effect, binding countries in pathways that cannot lead to strong decarbonization. This paper
sheds light in this issue by combining a theoretical approach with real-world engineering and
cost data. We develop a constrained optimization model to examine least-cost greenhouse
gas emission abatement pathways, taking into account a) emission reduction objectives for
two years: 2030 and 2050; and b) the potential speed of implementation of each measure,
which expresses technical and behavioural inertia in the deployment of a measure. We focus
on European countries and economic sectors that are not subject to the EU Emissions Trading
System. We derive relationships between 2030 abatement targets of varying ambition and the
possibility for a country to achieve a strong 2050 target. We find that more ambitious EU-wide
targets have to be set by 2030 so that Europe delivers deep decarbonization by 2050.
Moreover, if air pollution costs are taken into account, strong decarbonization by 2050 has
lower social costs than less ambitious policies.
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Αναζήτηση της Χρονικά Βέλτιστης Στρατηγικής για Μείωση
των Εκπομπών Αερίων του Θερμοκηπίου στην Ευρώπη
Χρύσω Σωτηρίου και Θεόδωρος Ζαχαριάδης

ΠΕΡΙΛΗΨΗ
Για την αποτροπή σημαντικής αλλαγής στο παγκόσμιο κλίμα, όλες οι χώρες του κόσμου
καλούνται να μειώσουν τις εκπομπές αερίων του θερμοκηπίου σε πολύ μεγάλο βαθμό κατά
τις επόμενες δεκαετίες, σύμφωνα με την Παγκόσμια Συμφωνία που υπογράφηκε στο Παρίσι
το 2015. Συνήθως, οι δεσμεύσεις των χωρών διατυπώνονται από εθνικές κυβερνήσεις με
μεσοπρόθεσμο ορίζοντα (λ.χ. για το έτος 2030), ενώ οι επιστημονικές μελέτες δείχνουν ότι ο
σχεδιασμός πολιτικής πρέπει από σήμερα να παίρνει υπόψη τις μακροχρόνιες εξελίξεις
(τουλάχιστον μέχρι το 2050). Στην προσπάθειά της να επιτύχει μεσοπρόθεσμους στόχους
μείωσης των εκπομπών της, μια χώρα μπορεί να επιλέξει μέτρα που θα καθιστούν ανέφικτη
τη μεγαλύτερη μείωση των εκπομπών μακροπρόθεσμα.
Στη μελέτη αυτή αναπτύσσεται ένα απλό μοντέλο βελτιστοποίησης για τον σχεδιασμό
στρατηγικής μείωσης των εκπομπών αερίων του θερμοκηπίου ελάχιστου κόστους σε εθνικό
επίπεδο, λαμβάνοντας υπόψη α) την ύπαρξη δύο περιβαλλοντικών στόχων, ενός για το 2030
και ενός πιο φιλόδοξου για το 2050· και β) την ταχύτητα υλοποίησης κάθε μέτρου αυτής της
στρατηγικής, κάτι που προσομοιώνει την αδράνεια του ενεργειακού συστήματος λόγω
έλλειψης υποδομών ή την αδράνεια των κοινωνιών απέναντι σε μέτρα που απαιτούν αλλαγή
καταναλωτικής συμπεριφοράς. Η μελέτη έχει ως σημείο εκκίνησης λεπτομερή τεχνολογικά και
οικονομικά δεδομένα από την Κύπρο, αλλά αναπτύσσεται με τρόπο που να μπορεί να
εφαρμοστεί σε οποιαδήποτε ευρωπαϊκή χώρα, για τους τομείς της οικονομίας που δεν
εντάσσονται στο Ευρωπαϊκό Σύστημα Εμπορίας Δικαιωμάτων Εκπομπών.
Από την ανάλυση προκύπτει η διασύνδεση ανάμεσα στο πόσο φιλόδοξους στόχους θέτει μια
χώρα μεσοπρόθεσμα και στη δυνατότητα της χώρας να επιτύχει έναν στόχο μεγάλης μείωσης
εκπομπών μακροπρόθεσμα. Βασικό συμπέρασμα είναι ότι οι πανευρωπαϊκοί στόχοι μείωσης
των εκπομπών για το 2030 καθιστούν δύσκολη την επίτευξη και των μακροπρόθεσμων
στόχων για το 2050. Από την άλλη πλευρά, αν λάβει κανείς υπόψη τα οικονομικά οφέλη από
τη μείωση των εκπομπών τόσο λόγω αποτροπής της κλιματικής αλλαγής όσο και λόγω
μείωσης της ατμοσφαιρικής ρύπανσης, προκύπτει το συμπέρασμα ότι τα φιλόδοξα μέτρα
μείωσης των εκπομπών αποφέρουν καθαρό οικονομικό όφελος στην κοινωνία.
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1 Introduction
Many governments around the world are committing themselves to increasingly stringent
energy and climate related targets for the medium and long term in order to bring their policies
in line with the Paris agreement on climate change, which was adopted in 2015 (UNFCCC,
2016). Such commitments are usually expressed as a pledge to curb greenhouse gas (GHG)
emissions by a certain percentage rate up to 2030, 2040 or 2050, compared to a reference
year of the past. Following the declarations of some European countries, in late 2018 the
European Commission (the executive body of the European Union) declared that it would aim
to achieve ‘climate neutrality’ by 2050, i.e. achieve zero net GHG emissions into the
atmosphere (European Commission, 2018).
In order to fulfil such pledges, policymakers have to design proper and cost-effective
decarbonization strategies. This involves deciding an appropriate mix of GHG abatement
policies and measures that can be implemented so as to meet the emission reduction objective
in the target year, at the least cost to society. Such analyses are often carried out with the aid
of Integrated Assessment Models or national forecast models, which lead to a cost-optimal
set of policies. Sometimes the optimization procedure concludes with the development of a
marginal emissions abatement cost curve (MACC), which ranks all abatement measures
according to their cost per tonne of GHG abated and can serve as a guide to policymakers for
prioritizing specific measures (Vogt-Schilb and Hallegatte, 2014).
Being simplified representations of socio-technical systems, all modelling approaches are
subject to uncertainties and weaknesses, which become more pronounced under a complex
political reality. For example, EU Member States have committed to a specific emissions
reduction target for the year 2030: 40% lower GHG emissions compared to 1990. At the same
time there are political declarations for 2050 as well: EU leaders have expressed their intention
to achieve 80-95% lower emissions by the year 2050, and the European Commission has
stated its 2050 climate-neutrality target mentioned above. This means that European
policymakers need to find cost-optimal decarbonization policies which can fulfil the pledges
for both 2030 and 2050. Even ignoring the uncertainties in the evolution of costs and
abatement potential of specific technologies up to 2050, such an optimization is not
straightforward because investments made up to 2030 with a long lifetime will affect the
emissions of 2050 as well. As the 2050 decarbonization target is much more ambitious than
the one for 2030, meeting the 2030 objective without keeping in mind the longer term may
make it impossible – or very costly – to fulfil the 2050 commitment. This is often called a ‘lockin’ effect – prioritizing abatement options which are cheaper and faster to implement but do
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not have sufficient potential to meet ambitious abatement targets (Klitkou et al., 2015; Seto et
al., 2016).
Similar challenges apply to any country of the world. Waisman et al. (2019) argue that the
long-term GHG development strategies required by the Paris agreement on climate change
have to be formulated in such a way that enables reconciling the long-term and global nature
of the climate objective with the medium-term horizon and national scale of the Nationally
Determined Contributions provided by each country.
In this paper we attempt to shed light in this issue by combining a theoretical approach with
empirical work in order to contribute to the design of policies for simultaneously achieving
decarbonization targets in the medium and the long term. We develop a multi-objective
constrained optimization model to examine least-cost GHG emission abatement pathways,
taking into account a) emission reduction objectives for two years: 2030 and 2050; and b) the
potential speed of implementation of each measure, which expresses technical and
behavioural inertia in the deployment of a measure.
The challenge of meeting emission abatement targets in two different periods has been
identified in the past. Vogt-Schilb and Hallegatte (2014) developed an optimization model for
two theoretical emission reduction measures which have different costs and different potential
to meet 2030 and 2050 targets, and have introduced a variable to capture the speed of
implementation of each measure. They applied this approach in a real-world setting, by
developing an improved MACC for Brazil (Vogt-Schilb et al., 2015). We expand their approach
by a) adapting it to the EU policy setting, as explained below, and b) making the
implementation speed of each abatement measure variable over time and dependent on the
cumulative amount of abatement that has already been deployed up to a given year.
The EU’s approach is to treat decarbonization targets separately for heavy industry and the
rest of the economy. Heavy industrial installations (including power generation) are subject to
the EU Emissions Trading System (ETS), a cap-and-trade system in which most emission
allowances will be auctioned from 2021 onwards. All other sectors of the economy (light
industry, transport, agriculture, residential and commercial sectors) are subject to an
aggregate emission reduction objective for 2030, which is different for each country. Our
optimization model focuses on all these non-ETS sectors, which comprise a diverse mix of
economic activities and GHG abatement options. Achieving non-ETS decarbonization targets
is considered very challenging for most EU countries, probably more so than the targets for
the heavy industry subject to the ETS (EEA, 2018).
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A further contribution of our paper is that it takes into account additional benefits of GHG
emission abatement. We express these benefits in monetary terms, i.e. the avoided damage
costs because of lower emissions of GHG and major air pollutants nitrogen oxide (NOx),
particulate matter (PM) and sulphur dioxide (SO2). Although air quality improvement is
recognized as an important side-benefit of decarbonization strategies, it has not been
addressed explicitly in climate policy models up to now.
The starting point of this modelling work was the development of a static MACC for Cyprus –
an EU country that is faced with a demanding non-ETS decarbonization target (Sotiriou et al.,
2019). The initial technical and economic data were collected in the frame of that work.
However, this paper distances itself from the specific case study of Cyprus; although it uses
the same data as a starting point, the assumptions to be presented in the following sections
about the future evolution of costs, abatement potential and speed of implementation are more
generic, as the optimization model is intended to be relevant for any country seeking costoptimal decarbonization pathways in its non-ETS sectors.

2. Methodology
Within the broader policy context of reducing emissions of greenhouse gases, a social planner
is required to design an appropriate mix of GHG mitigation policies and measures, which
comprises a set of options described by a) their emissions abatement cost, b) their emissions
abatement potential, and c) the implementation speed of each measure.

Objective
The aim is to meet the emission reduction objective in the target year, at least cost to society.
The objective function that needs to be minimized, i.e. the total present cost of abatement TC,
is the following:
𝑇𝐶

𝑗,𝑡
𝑇𝐶 = ∑𝑗 ∑𝑡 (1+𝑟)
𝑡

(1)

There are N abatement options, indexed by j. The model runs for the period 2021-2050 with
a time step of one year, t.
𝑎

𝑗,𝑡
𝑇𝐶𝑗,𝑡 = 𝐴𝐶𝑗,𝑡 ∙ ∑𝑖 (1+𝑟)
𝑖

(2)

Each abatement measure j has an abatement cost AC expressed in Euros per tonne of CO2equivalent (tn CO2e) and an attainable abatement potential α expressed in avoided annual
emissions in tn CO2e per year. αj,t are the decision variables. The optimization problem to be
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solved is the selection of the amount of abatement to be implemented by measure each year,
in order to achieve future emission reduction targets at the minimum cost.
For each measure, the emissions abatement cost AC is given, based on prior calculations or
literature data. AC is equal to:
𝐴𝐶𝑗,𝑡 =

∑𝑖[

𝐼𝐶𝑗,𝑡 +𝑀𝐶𝑗,𝑡 +𝐹𝐶𝑗,𝑡
]
(1+𝑟)𝑖
𝛾𝑗,𝑡
∑𝑖
(1+𝑟)𝑖

(3)

where IC, MC and FC denote annual investment, maintenance and fuel costs respectively,
and γ represents the abatement achieved through the implementation of a specific amount of
each measure. All values are discounted at rate r over the measure’s lifetime i.

Constraints
For each measure there is a maximum abatement potential A, that is expressed in avoided
emissions in tn CO2e. The cumulative abatement of each measure up to 2050 cannot exceed
the full abatement potential A of that measure:
∑𝑡 𝑎𝑗,𝑡 ≤ 𝐴𝑗

(4)

Each abatement measure takes time to realize. For example, energy renovations of buildings
cannot happen overnight for the whole building stock because of constraints in financial,
human and raw material resources; deployment of electric vehicles requires adequate
infrastructure investments, changes in the regulatory environment and adaptation of consumer
habits. Therefore, irrespective of the full abatement potential A, each measure has a maximum
implementation speed s, expressed in maximum annual abatement that can be achieved per
year [tn CO2e/y/y]. This has been introduced by Vogt-Schilb and Hallegatte (2014):
𝑎𝑗,𝑡 ≤ 𝑠𝑗,𝑡

(5)

A new feature in our model is that s can change over time, to reflect inertia in the uptake of
low-carbon technologies and in consumer behaviour. For example, adoption of electric
vehicles or shift of passenger mobility to public transport modes will most probably start at low
speed, based on some pioneering initiatives (e.g. the first charging stations that will serve the
first few purchasers of electric cars; or the first municipalities to use smart public transit and
other facilities to attract car drivers to shift to public transport; etc.).
It will take years for such measures to diffuse in the economy to a sufficient extent; and the
more one delays implementation of these measures the longer it will take for a measure to
achieve its maximum implementation speed. Therefore, we assume annual values of s to
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depend on the cumulative amount of abatement that has already been deployed up to that
year:
𝑠𝑗,𝑡 = 𝑓(∑𝑡𝑖=1 𝑎𝑗,𝑡 )

(6)

Finally abatement has to be non-negative:
𝑎𝑗,𝑡 ≥ 0

(7)

The model computes the least-cost implementation schedule of the various mitigation
measures for achieving the desirable emissions targets. The emissions objectives for given
points in time m (2030 and 2050) that need to be satisfied, are set with the following emission
constraint:
𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒
∑𝑗 ∑𝑚
𝑡=1 𝑎𝑗,𝑡 ≥ 𝑎𝑚

(8)

Emissions E at time t, expressed in tn CO2e, are calculated from the cumulative baseline
emissions Ebaseline and the cumulative emissions abatement achieved through the
implementation of the available mitigation measures:
𝐸𝑡 = 𝐸𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,𝑡 − ∑𝑗 ∑𝑡 𝑎𝑗,𝑡

(9)

Thus the optimization problem becomes to select annual abatement by measure (aj,t) in order
to minimize discounted social costs in line with equation (1), subject to the constraints shown
in equations (4), (5), (7) and (8).

3. Data and assumptions on policies and measures
A detailed list of GHG emission abatement measures, along with the associated investment,
maintenance and fuel costs and the emission abatement potential of each one, is provided by
Sotiriou et al. (2019). In summary, the following measures were considered for reducing GHG
emissions from non-ETS sectors:


In residential buildings, emission reductions are primarily due to the implementation of
specific energy efficiency measures in buildings that were constructed before 2008 and
complied with low or no energy performance requirements. Such measures comprise:
Deep renovation, i.e. renovation of the building envelope so that it becomes a near-Zero
Energy Building (nZEB); roof insulation; wall insulation; insulation of pilotis 1 ; and
replacement of heating and cooling systems with modern highly efficient heat pumps.

1

Pilotis are columns or similar structural elements that support a building above ground.
10



In buildings of the tertiary sector, energy renovations similar to those of residential
buildings were considered. An additional measure is the use of cogeneration (CHP –
combined heat and power generation) in hotels and hospitals, which have considerable
thermal energy needs for hot water.



In non-ETS industrial sectors, the two main measures were the replacement of fuel oil fired
burners with modern efficient ones, so that, in combination with the existing installed
boilers, they achieve an efficiency of over 90%; and industrial cogeneration.



Infrastructure investments for promoting public transport that will reduce the use of
passenger cars correspondingly.



Use of alternative fuels in road transport: promoting the purchase of a) all-electric
passenger cars and b) trucks powered with compressed natural gas (CNG).



Promotion of anaerobic digestion in the waste sector in order to reduce emissions of
methane; this applies to both animal waste (i.e. manure management) and municipal solid
waste, and can be implemented through a full exploitation of the biogas production
capacity of existing animal waste processing plants, and through investments in new
anaerobic digesters.

Table 1 presents the initial abatement costs for each policy and measure considered. Details
on the methodology and the assumptions underlying these figures are provided by Sotiriou et
al. (2019). It should be noted that he analysis is conducted from a public policy perspective,
i.e. from the perspective of a social planner that attempts to maximize social welfare. Hence
costs are net of taxes and duties and we use a real social discount rate of 4% to determine
the present value of future cash flows. Measures displaying a negative abatement cost seem
to be beneficial to the country from a public policy perspective, even if they may require
economic incentives to enable their uptake by private investors.
While the third column of Table 1 shows the estimated monetary costs, the last column adds
to these the associated external costs of each measure. These are the damage costs incurred
by additional emissions of pollutants or greenhouse gases due to the introduction of a
mitigation measure, minus the damage costs avoided because of reduced emissions thanks
to these measures. For example, the introduction of electric cars saves emissions from
conventional fossil fuel powered cars but leads to additional emissions from the thermal power
plants generating the corresponding amount of electricity to operate these cars. External costs
are calculated on the net difference of these emissions.
We have included the external costs of GHG, NOx, PM and SO2 emissions. For such a
calculation it is necessary to estimate the emissions generated and avoided from a specific
mitigation measure and multiply the amount of emissions by the marginal damage cost, which
11

is expressed in Euros per tonne of each gas. Emission calculations for air pollutants were
based on the internationally accepted methodology recommended in the EMEP/EEA
Emissions Inventory Guidebook (EEA 2013) with the aid of national data on fuel quality and
power generation emissions. Details on this calculation are provided by Zachariadis and
Hadjikyriakou (2016).
As far as external costs concerned, for GHG emissions we used the assessment of marginal
damage costs made by the U.S. Environmental Protection Agency (IWG 2013). These costs
are considered to reflect all climate change related damages over the longer term (e.g. on
human health, agricultural production, floods, ecosystems etc.), and are called ‘social cost of
carbon’. Zachariadis and Hadjikiyriakou (2016) used these data after converting them to real
Euros per tonne of CO2. For assessing the cost of NOx, PM and SO2 emissions, calculations
of the European studies were used – results from the CASES project (FEEM 2008) for
emissions from power plants, and from Ricardo-AEA (2014) for road transport emissions. The
total external cost of each pollutant is the sum of damages on human health, crops, materials
and biodiversity. All values were transformed so as to be expressed in constant Euros per
tonne of pollutant, are shown below. These values are shown in Table 2. Damage costs
increase over the years because the disposable income is projected to continue increasing in
the next decades; this raises the corresponding willingness of populations to pay for reducing
pollutant-induced risks. In the case of GHG emissions, an additional reason for rising damage
costs over the years is associated with the accumulation of GHG in the atmosphere, so that a
tonne of GHG emitted in the future is expected to cause more damages than a tonne of GHG
emitted today.
Comparing the two last columns of Table 1, it is evident that inclusion of external costs reduces
the cost of most mitigation measures. The difference in costs when accounting for externalities
is particularly noteworthy in the three transport-related measures, whose abatement cost is
initially positive and turns to negative when pollution damages are accounted for; this is
obviously due to the strong benefits thanks to avoided emissions of air pollutants especially in
urban areas. Similarly, abatement costs of cogeneration measures and anaerobic digestion of
waste are strongly reduced when air pollution costs are taken in consideration, thanks to the
avoided emissions of air pollutants because of reduced needs to produce electricity from
conventional thermal power plants. On the other side, there are few measures whose
abatement costs increase when pollutant emissions costs are included; this is the case with
heat pump installation, as this is expected to increase thermal power generation and hence
the associated pollutant emissions. It has to be reminded that most power generation in
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Cyprus comes from power plants burning fuel oil and gas oil, which are scheduled to be
gradually converted to natural gas fired plants.

TABLE 1
Abatement costs of policies and measures considered

Measure

Sector

Abatement Cost
[€’2015/tn CO2e]

Abatement Cost with
Externalities
[€’2015/tn CO2e ]

Roof Insulation, multi-family building pre-2008

Residential

-354.8

-414.8

Heat Pumps, multi-family building pre-2008

Residential

-348.0

-315.0

Heat Pumps, single-family building pre-2008

Residential

-533.6

-500.7

Full Renovation, multi-family building pre-2008

Residential

1,967.1

1,907.1

Pilotis Insulation, multi-family building pre-2008

Residential

59.4

-37.8

Wall Insulation, multi-family building pre-2008

Residential

2,528.4

2,468.4

Wall Insulation, single-family building pre-2008

Residential

7,904.8

7,837.4

Cogeneration (CHP) in the services sector

Services

-389.2

-593.8

Cogeneration (CHP) in industry

Industry

-334.9

-533.1

Replacement of industrial burners

Industry

-251.1

-449.3

Introduction of electric cars

Transport

59.1

-22.1

Promotion of public transport

Transport

69.0

-8.2

Introduction of CNG-powered trucks

Transport

95.2

-645.5

Anaerobic digestion for animal & municipal waste

Agriculture

3.9

-40.6
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TABLE 2
Costs of GHG and air pollutant emissions up to 2040, in €’2015/tn
Year

2020

2025

2030

2035

2040

GHG

35.4

38.6

42.7

46.0

50.1

NOx

7,624

8,286

9,006

9,392

9,793

PM

135,000

137,500

140,000

142,500

145,000

SO2

13,923

15,121

16,425

17,122

17,849

As described in the previous Section, the model also requires information about variable sj,t,
the speed of implementation of each measure, which was not included in Sotiriou et al. (2019).
Assumptions about this speed differ, based on the following considerations:


In the specific case of energy renovations in pre-2008 buildings, the speed of
implementation up to 2030 was based on technical and financial constraints – see Tables
A2 and A5 of Sotiriou et al. (2019). From 2031 onwards it was assumed that no further
energy renovations will take place because it would not be realistic to perform such
renovations in buildings over 25 years old.



For emission abatement measures that require modest public or private investments, we
assumed that s remains essentially constant or rises slightly over the years of the period
2021-2050; this is the case of industrial and commercial cogeneration and the replacement
of industrial burners. The annual speed depends on the technical capacity available in the
country for proceeding with such investments, based on information collected by industrial
experts.



Abatement measures that require substantial investments in infrastructure were assumed
to be implemented with relatively low initial speeds, which gradually increase over the
years, depending on the cumulative abatement achieved up to a specific year. This is the
case with anaerobic digestion of animal and municipal waste, which requires both the
construction of additional digesters and sufficient facilities to transport and store waste
from different locations. This is also the case with promotion of public transport, electric
cars and CNG trucks because each one of these measures needs large investments in
relevant infrastructure – smart bus systems and bus lanes; sufficient electric charging
stations for cars; and adequate CNG refuelling stations. The existence of such
infrastructure is expected to gradually enable behavioural changes that will induce
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increased use of public transport and steadily rising purchases of electric cars and CNG
trucks. Table 3 provides an overview of these assumptions.

TABLE 3
Speed of implementation of each emission abatement policy and measure considered

Sector

Initial
Implementation
Speed
[tn CO2e/y/y]

Residential

1.38

Residential

1.14

Residential

1.51

Residential

0.42

Residential

0.09

Residential

0.09

Residential

0.09

Cogeneration (CHP) in the
services sector

Services

3.34

Cogeneration
industry

Industry

3.34

Industry

0.07

Introduction of electric cars

Transport

2.08

Promotion of public transport

Transport

2.79

Introduction of CNG-powered
trucks

Transport

0.50

Anaerobic digestion for animal
& municipal waste

Agriculture

1.55

Measures
Roof Insulation, multi-family
building pre-2008
Heat Pumps, multi-family
building pre-2008
Heat Pumps, single-family
building pre-2008
Full Renovation, multi-family
building pre-2008
Pilotis Insulation, multi-family
building pre-2008
Wall Insulation, multi-family
building pre-2008
Wall Insulation, single-family
building pre-2008

Replacement
burners

(CHP)

of

in

industrial
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Comments
1400 buildings renovated each year in
2021-2030, no renovations post-2030
450 buildings renovated each year in
2021-2030, no renovations post-2030
750 buildings renovated each year in
2021-2030, no renovations post-2030
150 buildings renovated each year in
2021-2030, no renovations post-2030
90 buildings renovated each year in
2021-2030, no renovations post-2030
180 buildings renovated each year in
2021-2030, no renovations post-2030
750 buildings renovated each year in
2021-2030, no renovations post-2030
Approximately 200 CHP units installed
in total, mainly in hotels and hospitals;
slightly increasing
implementation
speed up to 2050
Approximately 200 CHP units installed
in
total,
slightly
increasing
implementation speed up to 2050
Burners of total thermal capacity of
12,000 kW to be replaced; constant
implementation speed up to 2050
(1000 +1000*t) new electric cars sold
each year t of period 2021-2040, then
constant speed up to 2050; post-2040
all newly registered cars are electric
Total number of passenger kilometres
(pkm) shifted from private cars to
buses: 7% up to 2030 with constant
speed, and then 30% up to 2050 with
constant speed
New trucks sold up to 2050 use
Compressed Natural Gas as a fuel,
gradual increase of implementation
speed through the years
Extra amount of waste per year to be
directed to anaerobic digestion,
increase of speed through the years

4. Simulation results
We perform two types of optimization runs with our model. One is a joint optimization for both
target years 2030 and 2050. In other words, the model is forced to solve the dynamic
abatement problem satisfying both emission constraints. This enables policymakers to design
a decarbonization policy that meets the 2030 objective as well as the 2050 commitment. We
call this ‘joint optimization’. In the second type of run, which we call ‘split optimization’, the
model is initially solved for the period 2021-2030, with the 2030 emissions target as the only
constraint; then at a second stage, the model solves for annual abatement in the period 20312050, taking into account the solution of 2021-2030 and having as a constraint the 2050
emissions target.
Based on initial trials of the model with the data that have been included and the assumptions
explained in Section 3, we arrived at a maximum emissions abatement value of 1602 tn CO2e
in the year 2050; this corresponds to an approximately 60% reduction in non-ETS GHG
emissions of a base year. Keeping the 2050 constraint fixed at this value, we then employed
the two types of runs for different emission constraints for the year 2030. The 2030 abatement
constraints were 100, 150, 200 and 280 tn CO2e respectively, which correspond to increasing
levels of ambition for emission reduction in year 2030.
Figure 1 presents the evolution of GHG emissions up to 2050 according to the two types of
runs, for the case of 100 tn CO2e abatement in 2030. In order to abstract from specific numbers
(which in this study are relevant for Cyprus only) and highlight the main policy message that
is relevant for all countries, we call this 2030 abatement level as ‘unambitious’, and express
all values as a fraction of the base year emissions. It is evident that, if the 2030 objective is
unambitious, the decarbonization target of 2050 can only be met if one solves the joint
optimization problem. The latter strategy may overachieve the 2030 objective – joint
optimization leads to lower emissions in 2030 than what is required by the constraint.
Conversely, if a policymaker designs a strategy in 2020 keeping in mind only the 2030 target,
deep decarbonization of year 2050 cannot be achieved. The reason for this failure is that
abatement measures with high potential which take time to mature, such as electric cars or
public transport, cannot deliver their full potential until 2050 if deployed after 2030; early
deployment of seemingly expensive measures is necessary in order to achieve serious
decarbonization in 2050. This is highlighted in Figure 2, which compares cumulative
abatement up to 2050 for the two approaches. In the absence of an ambitious 2030 target,
the split optimization approach achieves much less abatement in 2050 because measures
whose implementation does not start early enough (electric cars, CNG trucks, public transport,
anaerobic digesters) reach about half of their full potential in 2050. Figure 3 zooms specifically
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in year 2030 and presents the same result with Figure 2, highlighting both the different level
of cumulative abatement and the different mix of policies that a policymaker chooses,
depending on whether her focus is on attaining both 2030 and 2050 targets (joint optimization)
or the 2030 target only (split optimization).

FIGURE 1
Evolution of non-ETS GHG emissions with an unambitious abatement target for 2030,
depending on whether policymakers optimize jointly for years 2030 and 2050 or at two
stages, i.e. one optimization in 2020 for the 2030 target and one in 2030 for the 2050 target.
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FIGURE 2
Emission abatement in non-ETS sectors up to 2050 by type of measure, when the 2030
target is unambitious. Upper part: Joint optimization which reaches the full abatement target
in 2050. Lower part: Split two-stage optimization, which falls short of the 2050 target
because measures that take time to mature develop less than their full potential up to 2050.
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FIGURE 3
Non-ETS emission abatement achieved in year 2030 for an unambitious 2030 target. Left
column: optimization keeping in mind the 2030 objective only. Right column: joint
optimization which has been designed to attain the 2030 target and also reach the full
abatement target in 2050.
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For comparison, Figure 4 shows the corresponding evolution for the case of 200 tn CO 2e
abatement in 2030. This can be considered a clearly more ambitious target. Here again, the
joint optimization is the only one achieving the 2050 objective, and to do this it is necessary to
overachieve the 2030 target. However, the emissions gap in 2050 is much smaller than in
Figure 1. Because of the need to attain the ambitious target of 2030, many high-potential
abatement measures start being deployed before 2030. As a result, it makes little difference
whether the policymaker designs a strategy keeping both targets in mind already in 2020, or
develops the strategy in two stages.
Figure 5 highlights this message. With an even more ambitious target for 2030, both
optimization strategies lead to the same result, and the 2050 emissions difference between
the two approaches becomes zero. Conversely, the less ambitious the 2030 strategy is the
more important it is to design a strategy already in 2020 keeping in mind the 2050 target as
well. Otherwise, ignoring the 2050 target in 2020 leads to an underachievement of the 2050
objective by more than 35%.
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FIGURE 4
Evolution of non-ETS GHG emissions with an ambitious abatement target for 2030.
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FIGURE 5
Emissions gap in 2050, depending on the ambition level of emissions abatement in 2030.
The gap is defined as the difference between the desired abatement in 2050 and the
abatement realized when the optimal policy is determined in two stages. The lower the ratio
on the horizontal axis the more ambitious the 2030 abatement target.
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Apart from differences in aggregate emission abatement, the two optimization approaches
lead to different aggregate costs. This is obvious because split optimization in most cases
leads to lower total abatement, and therefore to lower total investments in the corresponding
abatement measures. However, as shown in Figure 6, this is not the socially optimal approach.
An unambitious abatement target for 2030 (the rightmost brown column) leads to 8% lower
discounted aggregate costs, but if one takes into account external costs of emissions of GHG
and air pollutants NOx, PM and SO2, the difference in cost becomes essentially zero. Keeping
in mind that other externalities, such as emissions of other pollutants, road congestion and
noise have not been accounted for in these calculations, it becomes evident that the full GHG
emissions abatement is also the economically preferable solution. This finding is consistent
with work presented by the World Bank (2014), where the multiple benefits of climate change
mitigation were monetized.
FIGURE 6

Difference in Abatement Costs
(% of total cost for full abatement up to 2050)

Difference in total discounted abatement costs up to 2050, depending on the ambition level
of emissions abatement in 2030. The lower the ratio on the horizontal axis the more
ambitious the 2030 abatement target. Environmental costs include damages from GHG,
NOx, PM and SO2 emissions.
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5. Conclusions and implications for EU policy
Decarbonization by the mid-21st century requires strong commitment to greenhouse emission
abatement measures, but national emission reduction pledges are made for the medium term.
Achieving medium term targets without taking into account the long term can lead to a lock-in
effect, whereby policies to reduce emissions in the medium term bind countries in pathways
that cannot lead to strong decarbonization in the longer term. In this paper we attempt to shed
light in this issue by combining a theoretical approach with real-world engineering and cost
data from the EU Member State of Cyprus. We develop a multi-objective constrained
optimization model to examine least-cost GHG emission abatement pathways, taking into
account a) emission reduction objectives for two years: 2030 and 2050; and b) the potential
speed of implementation of each measure, which expresses technical and behavioural inertia
in the deployment of a measure. Our focus is on European countries and non-ETS sectors,
i.e. economic sectors that are not subject to the EU Emissions Trading System. Therefore we
abstract from the specific emission calculations of that particular country and express costs
and emissions in relative terms. We also take into account environmental side-benefits of GHG
emission abatement, by accounting for measure-specific external costs from the emissions of
air pollutants.
Our simulations offer evidence that, if the 2030 objective is unambitious, the decarbonization
target of 2050 can only be met if a policymaker – already in 2020 – decides jointly on the
optimal pathway for meeting both 2030 and 2050 objectives. Conversely, if a policymaker
designs a strategy in 2020 keeping in mind only the 2030 target, deep decarbonization of year
2050 cannot be achieved. The reason is that abatement measures with high potential which
take time to mature, such as electric cars or promotion of public transport, cannot deliver their
full potential until 2050 if deployed after 2030; early deployment of seemingly expensive
measures is necessary in order to achieve serious decarbonization in 2050. This is in line with
findings from other national case studies mentioned in Vogt-Schilb and Hallegatte (2017) and
recommendations from international organizations (OECD, 2018).
We also find that an unambitious abatement target for 2030 leads to lower discounted
aggregate costs up to 2050; however, the cost difference becomes negligible if one takes into
account external costs of emissions of GHG and air pollutants NOx, PM and SO2. Keeping in
mind that other externalities, such as emissions of other pollutants, road congestion and noise
have not been accounted for in these calculations, it becomes evident that the full GHG
emissions abatement is also the economically preferable solution, as also highlighted by the
World Bank (2014).
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In terms of governance, policy experts have found that the current EU energy and climate
policies are generally effective, and there are good prospects that the 2030 targets will be
achieved (Oberthür, 2019; Ringel and Knodt, 2018) – although the European Environment
Agency’s assessment is less optimistic in this regard (EEA, 2018). Our paper does not
evaluate these aspects, but assesses implicitly how adequate the 2030 targets are in order to
attain the EU’s long-term decarbonization objective. As regards the latter question, although
the analysis is not explicitly based on data from all EU member states and hence its general
conclusions should be treated with caution, our finding is that more ambitious EU-wide targets
have to be set by 2030 in order for Europe to stay on track to deliver deep decarbonization by
2050.
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