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a b s t r a c t

In this paper MARKAL integrated energy system model is applied to explore the impacts and opportu-
nities for low emissions energy system development in Macedonia, identifying CO2 emission reduction
policies and the cost of taking action. Two scenarios with different reduction target have been examined:
higher ambition scenario where emissions are restricted to 10% above 1990 levels in 2021 and 2.5% in
2030, and moderate ambition scenario where emissions are restricted to 25% above 1990 levels in 2021
and 15% in 2030. In order to provide insights into the optimal timing of emission reductions, both of
these cases have also been run under cumulative constraints, that is, rather than having the specified
annual targets, there is a carbon “budget” set for 2015–2030 (44 Mt and 26 Mt for higher and moderate
ambition cases, respectively), reflecting the same ambition as the above cases but providing flexibility to
reduce emissions in the most cost-optimal way. The results show that most of the CO2 reductions are in
the power generation sector, which is not surprising as this tends to be the most carbon intensive sector.
The higher ambition case is considerably more expensive than the reference case, with costs 1.9% higher,
while the increase under the moderate ambition case is 1%. Under a cumulative constraint, the additional
costs are reduced to 1.5% and 0.6% respectively, highlighting the importance of the timing of action.

& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Standing in front of the challenge called climate change, around
the world many actions are taken to reduce emissions in order to
avoid rising of the global temperature. Almost all countries in
the world create different scenarios economy wide or in diffe-
rent sectors in order to retain economic growth and to reduce the
level of greenhouse gases emissions, simultaneously. For example,
China is fighting the rapid growth of the fright transport (more
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than four times in the period 2000–2013 and annual growth rate
of energy consumption of 12%) with intensive demand manage-
ment measures and modal shift [1]. In [2], it has been shown that a
penetration of 10% photovoltaic electricity in ten American States
would result in a considerable cost effective reduction of CO2

emission. In the United Arab Emirates, CO2 emission reduction and
renewable energy production targets as well as subsidy for
domestic gas prices are considered [3]. The induction of these
policies will reduce GHG emission by 15%, 20% and 45% in 2050
compared to the baseline scenario.

European Union is not an exception. The European energy
policy has identified the security of supply, climate mitigation and
economic competitiveness as key policy drivers towards sustain-
able development. Climate change as one of the hot topics in
energy and environment policy making has triggered the Eur-
opean Council to set up the EU objective of reducing greenhouse
gas (GHG) emissions by 80–95% by 2050, as compared to levels in
1990 [4]. To address this objective a wide range of low-carbon
scenarios, roadmaps and pathways has been developed for several
European countries and for different sectors of the economy.
Hence, [5] covers power generation, petroleum refining, iron and
steel, and cement production sectors for the whole EU and the aim
is to develop scenarios for GHG emissions reduction in these
sectors using the available technologies. In [6], a revision of the
European Commission's Energy Roadmap 2050 is proposed taking
into account the district heating systems, showing that in such a
way the Roadmap goal can be achieved lower cost. In [7] six dif-
ferent scenarios are developed for Portugal, taking into account
the energy policies that are in place. The CO2 reduction of the UK
residential sector, as well as the implementation of the EU
renewable and climate policy is considered in [8–10]. Analyses
regarding the transition of residential sector and its sustainable
development for Lithuania in the context of EU energy policy are
conducted in [11]. In [12], on the case of the Dutch energy system,
the emission trading system is considered as a policy measure for
introduction of CO2 CCS. In the Basque Country (Spain), several
scenarios are created in order to reduce energy consumption in
the transport sector [13]. It is shown that decarbonization of this
sector can be done with efficient mobility, electrification and high
occupancies of vehicles. The effect of long term energy demand on
Croatian GHG emissions are investigated in [14] and it is shown
that 40% reduction can be achieved by 2050 compared to the
referent scenario. All sectors must contribute substantially to
emission reductions, but if the power sector is more than 95%
based on lignite, as in the case of Kosovo, then the focus should be
on the power sector [15].

The Republic of Macedonia (RM) is Non-Annex 1 country and
European Union (EU) candidate country who signed the Energy
Community Agreement, according to which it has to harmonize its
national legislation with the existing legislation of the European
Union (acquis communautaire) on energy, environment, competi-
tion, renewable energy sources, energy efficiency and oil reserves.

In case that RM enters EU by 2020, it will start implementing
EU mitigation policies and measures, such as increase of share of
renewables, participation in emissions trading system, obligatory
buildings and equipment standards, labeling and certification of
equipment and buildings, phasing out of inefficient technologies
as incandescent light bulbs and retiring or obligatory retrofitting of
inefficient plants. The sum of the measures, together with EU
effort sharing scheme, will allow for achieving necessary emission
reduction. In case that RM does not enter EU by 2020, it will still
continue to participate in Energy Community, with similar targets
in renewables, energy efficiency and phasing out of inefficient
plants. The country will probably choose to continue transposition
of other directives, but with slower pace.

The objective of this paper is to present, from a perspective of
an EU candidate country, the options for CO2 emission reductions
from the energy sector and to quantify the impact of the policy
instruments on marginal and total cost. For this, a set of alternative
policy scenarios including different combinations CO2 emission
reduction targets are modeled in MARKAL_Macedonia optimiza-
tion model for the period 2006–2030. Furthermore, analyzing two
types of targets (specified annual targets and cumulative targets),
it is proved that the timing of action influences the costs of
emissions reduction.

2. Methodology

MARKAL is a widely used, bottom-up, linear programming
energy systems modeling framework that is well suited to exam-
ine interlocking uncertainties through a systematic approach. The
MARKAL/TIMES models produce robust, scenario-based projec-
tions of a country's energy balance, fuel mix and energy system
expenditures over time. The models relate economic growth to the
necessary energy system resources, trades and investments, while
satisfying national environmental standards (or goals), to identify
the least-cost energy future for the country that satisfies all the
requirements [16]. Thus, the models provide a comparative fra-
mework for examining the impact of variations in key assumptions
(e.g., fuel price, use of nuclear, availability of natural gas), policies
(e.g., RE targets, climate change mitigation goals) and programs
(e.g., National Energy Efficiency Action Plan, National Renewable
Energy Action Plan) to advise informed decision-making and
policy formulation.

The MARKAL objective is to minimize the total cost of the
system, adequately discounted over the planning horizon. The
objective function (Eq. (1)) is the sum over all regions of the dis-
counted present value of the stream of annual costs incurred in
each year of the horizon. Therefore:

NPV ¼
XR

t ¼ 1

XNPER

t ¼ 1

1þdð ÞNYRS U 1� tð Þ UANNCOST r; tð ÞU 1þ 1þdð Þ�1
�

þ 1þdð Þ�2þ :::þ 1þdð Þ1�NYRS
�

ð1Þ

where:
NPV is the net present value of the total cost for all regions.
ANNCOST(r,t) is the annual cost in region r for period t,

discussed below.
d is the general discount rate.
NPER is the number of periods in the planning horizon.
NYRS is the number of years in each period t.
R is the number or regions.
The total annual cost ANNCOST(r,t) is the sum over all tech-

nologies, all demand segments, all pollutants, and all input fuels,
of the various costs incurred, namely: annualized investments,
annual operating costs (including fixed and variable technology
costs, fuel delivery costs, costs of extracting and importing energy
carriers), minus revenue from exported energy carriers, plus taxes
on emissions, plus cost of demand losses.

While minimizing total discounted cost, the MARKAL model
must obey a large number of constraints which express the phy-
sical and logical relationships that must be satisfied in order to
properly depict the associated energy system.

MARKAL analyses not only show what is to be constructed (and
also what is not), but also when and for how much [8]. Based on
the engineering and economic representations of energy supply,
conversion plants and end-use devices in each country – mines,
power plants, heat and power facilities, air conditioners, furnaces,
light bulbs, etc. – the least cost energy supply and demand balance
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