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Abstract—A multiobjective optimization methodology is
presented in the context of the optimal heat supply porfolio
of Budapest. The techno-economic assessment is
complemented by monetizing the environmental impacts and
the influence of the technology choices on human health.
Among the technology options, also long-distance heating
from Paks Nuclear District Heating has been considered and
evaluated. The methodology is based on monthly heat
demand profiles while distinguishing between three
typological groups of buildings and optimizing the set and
installed capacity of heating technologies for each of these
groups. Our assessment shows that the resulting optimal heat
supply portfolio is influenced both by the factors involved in
the optimization and the types of buildings.

L INTRODUCTION

In the energy sector, the supply of residential heat
demand is of key importance in addition to delivering
electricity to the consumers. However, the structure of heat
supply systems is different from the structure of large-scale
centralized electric power systems: heat supply is typically
based on decentralized systems; district heating networks
are mostly built in urban areas of sufficiently high heat
demand density. The strong presence of seasonal patterns
is also an important feature of the residential heat supply
where the relative monthly differences have a high
economic impact in comparison to the much lower relative
monthly differences in the electricity consumption.

Going beyond a pure techno-economic assessment, it is
important to consider the environmental and human health
impacts, as well. In urban areas of high population density,
the negative impacts on human health caused by inefficient,
out-of-date, solid-fuel-based individual heating systems
having low-height chimneys are by several orders of
magnitude higher than in cases of district heating-based
heat supply and heat pumps. The negative impacts on
human health are further aggravated by the fact that
polluting emissions are mostly present during the winter
season at a low atmospheric mixing layer height, resulting
in a higher increase in concentration.

Two different approaches have been applied to the
analyzed multiobjective optimization problem involving
three objectives. According to the first approach, the three
objective functions were encompassed in an overall
objective function by monetization and the problem was
solved as a LP formulation of a simple transportation
problem; while the second approach used a multiobjective
optimization method.

Our research was focused on optimizing the heat supply
for the residential sector of Budapest. We considered

several technology alternatives to identify the optimum
heat supply mix.

A. Present structure of the heat supply in Budapest

Traditionally, centralized district heating systems have
an important role in the heat supply of Budapest. At the end
0f 2016, 258.977 residential consumers (19% of all flats in
Budapest) were connected to the district heating systems.
The number of non-residential consumers is by far lower:
at the end of 2016, 1.800 non-residential consumers were
served by district heating [8]. As shown by Fig. 1, district
heating in Budapest is provided by 9 sub-systems (1-9); in
addition, there are some blocks of flats with individual heat
production (T). There are integration plans to enhance the
operational flexibility of the present, fragmented sub-
systems by co-operation. At present, total peak heat system
demand is about 1150 MW depending on actual weather
conditions, while total heat energy consumption is about
11.6 PJ/a. In recent years, total heat demand has shown a
slightly decreasing tendency as a result of efforts to
improve the energy efficiency of buildings [1]. Present heat
sources include co-generation power plants (ranging from
small power plants consisting of internal combustion
engines to large main activity producers with Combined
Cycle Gas Turbine technology), district heating plants, and
individual boiler houses. In most of the subsystems, the
share of heat from co-generation is above 50%.

Figure 1.

District heating systems in Budapest
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II. METHODOLOGY

In our computations, we searched for an optimal heat
supply portfolio for the residential sector in Budapest under
the consideration of three different aspects: economic,
climate and environmental (including human health)
impacts. When analyzing the economic aspect, it was
necessary to distinguish between fixed and variable costs
because of the large seasonality in monthly heat demand.
The inclusion of the aspect related to human health in
addition to the climate impact was justified by the fact that
some alternatives have a high pollutant emission.

For the economic aspect, our assessment is based on the
total annual cost. The objective function uses a coherent set
of values of specific variable cost (given as per unit energy
generated) and annualized investment cost (at a discount
rate of 4% and full technical lifetime) based on national [5]
and international reference databases [2], [10]. At the
supply side, a wide range of technology options was
considered in the assessment. Considering the economy of
scale, certain alternatives were not used for the typological
groups of lower heat demand density. For the technology
options, some operational constraints were considered
reflecting the seasonality impacts (e.g. temperature
dependent variation in Coefficient of Performance of air
source heat pumps), the supply-side constraints (e.g. the
available amount of biomass [9], the capacity constraints of
the long-distance heat supply from Paks Nuclear Power
Plant).

The technology choices included the nuclear energy
based district heating over a long-distance pipeline from
co-generation at Paks Nuclear Power Plant. For the nuclear
heating alternative, the construction of a long-distance
pipeline of 144 km was assumed.

At the demand side, a typological approach was applied
to reduce modelling complexity. Under this approach,
residential buildings were classified based on heat demand
density and main characteristics of heat supply, enabling
the aggregate modelling of heat demand and production for
each typological group that was defined. The assessment
was conducted for three different building typological
groups consisting of single family houses, medium-scale
multi-flat buildings and large-scale multi-flat buildings
[15]. For these three groups, aggregated monthly heat
consumption profiles were calculated based on normalized
monthly heat consumption data of a Hungarian city. This
enabled the consideration of the strong seasonality in the
annual heat demand profile.

For the assessment of the climate impact, the greenhouse
gas emission (GHG) related to the operation was
monetized, where the present, extremely low price of 5
EUR/ton of CO; was used as a basis. For the environmental
aspect, we analyzed the influence on human health, on
natural and built environment. The methodology and
results provided by CASES project served as a reference
for monetizing the regional environmental impacts of heat
production technology alternatives [11].

The search for an optimal heat supply portfolio was
implemented as a transportation problem by considering
the three different objectives [6], [7]. In our model, there
are 28 alternatives for heat production (ay,...,az)
representing the supply points while the seasonal monthly
heat demand for the three building typological groups
(Wi, .o, W12, Wi3,..., W24, W25, ..., W36) are the demand points in
the model. At the supply points assigned to the heat
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generation alternatives, we can define the installed
generation capacities (p,...,p2s); based on them, we can
establish the potential monthly energy production e;. The
value of e equals to the maximum of monthly energy
production by alternative i in monthj: e; = h;; - p,. In most
cases, the value of e; is the product of the installed
generation capacity and the monthly empirical utilization
time 4;; (about the half of the hours in each month). Monthly
heat production data are represented by the values of the
real variable x;; for each alternative that can be expressed by
Ppij» the monthly “partial capacity” used: x; = h;; - Py where

P;<p for each alternative i in each month ;.

Using the variables defined above, the standard form LP
problem we have defined can be written as follows:

D> ¢hypy;+Y.d;-p,=z(min) (1)

iel jeJ iel

where Y, ;; PyW and 0< p, - Py for each i €7 and
j €J, furthermore 0< Py and 0< p, for each i €] and

J €J. The optimal solution to the LP problem results in an
ideal portfolio of heating alternatives. The coefficients d;
appearing in the objective function represent the value of
the fixed cost that is independent from the heat generation
[14]. The coefficients ¢; express the variable cost [1] of
alternative i, which is the part of the total cost that is
proportional to the energy generation including the
monetized costs of climate and environmental impacts of
the production.

However, we should note that there is extensive
uncertainty surrounding the monetization of climate and
energy indicators. As an example, we could refer to the
CO, prices; since the introduction of the scheme of
European Emission Allowances (EEA), fluctuating prices
have been reached both 2 and 30 EUR/ton of CO; [3] We
encounter the same problem when monetizing the impacts
on human health [12]. In the latter case, we need to convert
the years of life lost into money that raises some ethical
concerns in addition to the problem of uncertainty.

In the second part of our paper, the uniform scaling of
the three objectives are complemented by multiobjective
optimization that enables to present its result as a
sensitivity analysis, as well. Multiobjective optimization is
a modelling technique used in a wide range that has a well-
elaborated mathematical background; however, we rely
only on some simple propositions when solving the
modelling problem described in our paper [13]. When
defining the multiobjective optimization problem, we
multiplied the “costs” of the alternatives by weights
selected from the interval (0,1). In this way, each point
P(xp,Ypzp) in a unit cube of edge length of 1 refers to a
particular weighting of the three objectives (Fig. 2). Each
point p defines a LP problem.

,

X

B(0,1,0)

A(1,0,0) €(0,0,1) A(1,0,0)

Figure 2. Space defined by the weights assigned to the
three obiectives
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In the optimal solution, let the value of the variable
belonging to alternative & be ax, and let the components of
the coefficients in the objective function be (cix,cky, Ci2)-

Based on that, the optimal objective function
corresponding to p is as follows:

sp = Z (xplck,x'ak,p_‘_yp'ck,y 'ak,p+zp'ck,z'ak,p) (2)
rel

For a clear representation of the solutions, it is important
to know that it is sufficient to examine the solutions
belonging to the weight coordinates defined by the points
of the cross section ABC within the cube, since if w = a - v
then s, =a -s,, furthermore a;, = a;,, for each ke /. In
addition, it is important to realize that if the objective
function has the same values at both ends of a line segment
then it has the same value at each intermediate point.

Proposition 1:

If s, =s, and;_) =p-wt (I q,n€0:1] then s,,<s,,, in
case the optimization problem is convex.

Proof:

Sp= ZkE[ (xp Chx Akp +yp Cry Akp +Zp C,z 'ak,p) 3
Equation (3) can be rewritten as:
Sp K ZkEI(xw Clox .ak,p +yw 'ck,y 'ak,p +Zw Clz 'ak,p) +

(149 et (% Chniop Yy thp 2y Crrty) - (4)
Therefore:
sy=tsi+(I-u)'s, 5)
where s,, and s;, are the values of the objective function

for the not necessarily optimal solutions at points w and q.

As  s,5s, and sqfs(;, thus the statement
Sy =Sy, H(1-11)°5,Ss), s true. m
By applying the results of the proposition above, we
conducted the multiobjective assessment of the optimal
heat portfolio. At first, we found the optimal solutions at
points A, B and C. By dividing the
{ck, o Cloy ck,z}kg coefficients of the objective function by the

values of the objective function at the optimal solutions at
points A, B, and C, a homogenization of the problem was
carried out obtaining:
for, o i) ()
kel

sS4  SB SC

After that, the solutions were established on the edges
ABC.

In our study, the computations for solving both the
monetized and the multiobjective problem formulation of
the analyzed LP problem were completed in GAMS [4] and
Excel environment, using data of monthly resolution.

III.  RESULTS

In our study, we searched for an optimal heat supply
portfolio to cover the monthly heat demand of the
residential sector in Budapest that meets three objectives
(economic, environmental and climate) as far as possible.

The optimization problem was solved as a transportation
problem. As a first approach, we applied monetized values
where the same units were applied for the monetized values
of economic, environmental and climate impacts but their
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500 i i
0 Emmm B
1 2 3 4 5 6 7 8 9 10 11 12

B Ground & Air Source Heat Pumps @ Natural gas

GWh Medium-scale Multi-flat Buildings

800
600

400
- =
0 - -
12 3 4 5 6 7 8 9 10 11 12

B Waste Incineration = Biomass DH

= Nuclear DH O Natural gas
GWh Large-scale Multi-flat Buildings
800
600
400

200 g g

0 === ==

1 2 3 4 5 6 7 8 9 10 11 12
BBiomass DH ®Nuclear DH O Natural gas DH

Figure 3. Optimal heat supply portfolio modelled by

monetized value

scaling was substantially different. Clearly, the economic
objective dominates the monetized factors while the
environmental impacts come out at about one tenth when
added to value of the objective function. The value of the
climate impact was monetized by the value of the CO, price
of EEA. Considering that, the monetized scaling can mostly
seen as an economic assessment (Fig. 3).

Our results show that the optimal heat production at
single family houses mostly relies on ground and air source
heat pumps while the natural gas based heating of much
lower investment cost is used only to cover the peak
demand in winter. In terms of several aspects, it is worth to
analyze the medium-scale and large-scale multi-flat
buildings together, as district heating (DH) provides the
base-load heat supply in both cases. For district heating, the
base-load heat is generated by municipal solid waste and
biomass incineration while nuclear energy-based district
heating covers the intermediate range of the heat demand.
Natural gas based individual and district heating is
considered to meet the peak demand in these cases, as well.

When searching for an optimal portfolio, the monetized
approach is able to show the trade-off between the three
objectives in a rather one-sided way. Therefore, we used a
multiobjective approach to solve the problem, as well. To
provide some clarity in the representation of the solutions,
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Figure 4. Optimal heat supply portfolio of Budapest based on weights, aggregated by fuel and technology under the
consideration economy—climate, economy—environment and environment—climate objectives

the total annual production per fuel and technology is
shown by two objectives in each case (Fig 4).

If we consider the figures computed based on objective
weights as a sensitivity analysis then it can be clearly seen
that the fuel and technology mix pertaining to high
importance of the economic objective (weight equal to
zero) are the same as in case of the monetized value. The
increase in the weight factor of the climate impact can be
interpreted as an increase in the CO; prices. In the present
case, an increase of 0.1 in the weight was equivalent to an
increase of 150 EUR/ton of CO,. We can conclude that a

CO; price of about 300400 EUR/ton of CO, would be
necessary to the substitution of natural gas by heat pumps.
When highlighting the environmental impacts, there is a
growing share of heat generated by heat pumps along with
the reduction of the use of biomass that is substituted by
electric heating (Fig. 4).

If we focus on the environmental and climate impacts,
we observe that the use of natural gas is not present
anymore in the optimal portfolio; its role is taken over by
the heat generated by heat pumps. If preferring the climate
impact to the environmental impacts then the use of electric
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heating is eliminated by the use of biomass while also the
use of municipal solid waste appears in the energy mix.

(Fig. 4).
CONCLUSION

In our paper, we used mathematical methods to find the
optimal heat supply portfolio covering the monthly heat
demand and to conduct a multiobjective assessment. Our
results show the trade-off between the objectives. However,
it is important to note, that our results should be interpreted
in the light of high uncertainty in the individual evaluation
of the alternatives according to the objectives. Therefore,
the sensitivity analysis should be extended to these data, as
well. Our assessment and results present the theoretical
background for fuel and technology choices for residential
heating while going beyond a pure techno-economic
optimization. The results obtained by mathematical
modelling need to be complemented by further, more
detailed studies in order to identify the potential technical,
operational and economic constraints.
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