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The paper considers methodological aspects of designing a simulation model to optimize the parameters of thermal 
modernization of residential buildings on a city scale. We developed an optimization methodology of thermal mod-
ernization and tested the sequence of its stages on an arbitrarily chosen group of residential buildings. It was found 
that, under the chosen design conditions, the proposed optimization methodology could provide additional savings of 
up to 8.53%. A simple engineering approach to determining the optimal sequence of thermal modernization has been 
formulated. It is proposed to use an indicator of reduction in thermal energy consumption for heating and ventilation 
of buildings to explain the procedure for the optimal sequence of stages.
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INTRODUCTION

When implementing the policy of improving the energy 
effi ciency of existing residential buildings it is quite dif-
fi cult to fi nd fi nancial resources for heat protection mea-
sures.
The studies [3, 8, 10, 14, 15, 16, 18] clearly demonstrate 
the need for an integrated approach to the implementa-
tion of thermal protection works, covering all structural 
elements of buildings. 
Owing to the high resource intensity of the housing and 
communal services sector, it is necessary to develop a 
strategy for thermal retrofi t of the housing stock in the 
form of a separate subprogram, which establishes the 
optimal sequence of thermal modernization of buildings 
in the selected residential area.  

MATERIALS AND METHODS

When developing a thermal retrofi t program in condi-
tions of investment defi cit, priorities should be given to 
the most justifi ed and effective measures, which require 
successive solutions of the local (fi rst-order) and global 
(second-order) optimization tasks.
The local optimization problem can be formulated as the 
search for the most effective combination of the thermal 
protection parameters of a particular type of building, 
while ensuring that the level of heat consumption does 
not exceed the required one. In [7, 9, 12] several differ-
ent approaches to the solution of this problem, including 
those proposed by the authors in [4], are described.
The essence of the described problem can be rep-
resented in the form of the following expression: 

where Ʌj is net present value (NPV) resulting from the 
thermal modernization of a residential building of the j-th 
type, MU (monetary unit); qdesj is specifi c heat consump-
tion of a residential building of the j-th type after thermal 
modernization, kJ/(m3•°С•days); qdesj is normable spe-
cifi c heat demand of the building of the j-th type, kJ /
(m3•°С•days).
To select the optimization parameters of the response 
function Ʌj let us consider the formula for calculating 
the NPV, which was proposed by the authors in [5]:

where IC is the costs for heat protection measures 
expressed in current prices, MU; сt0 is the current cost 
of thermal energy unit, MU/Gcal; Q0 and Q1 are the con-
sumption of heat energy for heating of the building, be-
fore and after the thermal modernization, respectively, 
Gcal; p is the discount rate in absolute units; d is the 
average predicted growth factor for heat energy prices 
in absolute units; Т0 is the accounting period for the ef-
fectiveness evaluation of the thermal modernization pro-
gram, years.
Expression (2) makes it possible to assess the eco-
nomic effi ciency of the thermal modernization of the 
selected building starting in the fi rst year, and is com-
pletely inappropriate for the buildings that will be mod-
ernized several years after the start of the program. 
Since it is simply impossible to carry out works in all 
buildings simultaneously, the authors propose an im-
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proved formula for buildings that are being modern-
ized after m years from the start of the program [5]:

Values IC, сt0, Q0, p, d, Т0 in the expressions (2) and (3) 
can not serve as the optimization parameters of the re-
sponse function, because they are either constant char-
acterizing the initial conditions, or varied independently 
in accordance with the formulation of the problem. At the 
same time, the quality of the calculations depends on the 
objectivity of their values justifi cation.  
Thus, the variable values from the considered expres-
sion are the heat energy consumption for heating of the 
building of the type considered after the thermal modern-
ization, Q1, Gcal and the year of thermal modernization 
of the building m from the start of the program. 
Knowing the physical meaning of Q1, and also the fea-
tures of its evaluation detailed in the normative literature 
one can write down:

Denoting the optimal value of the NPV for the building 
of the j-th type in the i-th year as Ʌij , we write that
 Ʌij = f (Q1, m). Then the parameters given in expression 
(4), together with m, are adopted as optimization 
functions for the objective function Ʌij, and are written as 
follows:
• type of additional insulation for external walls (factor 

X1);
• thickness of additional insulation layer of external 

walls δwall
ad (factor Х2), m;

• resistance to heat transfer of newly installed window 
and balcony fi llings of the building under thermal 
modernization Rwin

new (factor Х3);
• type of layer material for additional thermal insulation 

attic fl oor (factor Х4);
• thickness of the layer of additional insulation of the 

attic fl oor δattic
ad (factor Х5), m;

• thickness of the layer of additional thermal insulation 
of fl ooring on the ground fl oor δfl oor

ad(factor Х6), m.
• the year of thermal modernization of a residential 

building of a certain type from the start of the program 
implementation m (factor Х7), year.  

It is expedient to use mathematical models for the im-
plementation of the initial approach to optimization. In 
this case the determination of the values of the objec-
tive function is performed by calculating the values of the 
output parameters, which are functionals of the system 
phase coordinates. In this case, there are no analytical 
expressions that establish a direct relation between the 
controlled parameters and the function, which excludes 
the direct use of the expressions for the derivative, etc., 
for the determination of extremes. Search engine opti-
mization can be used to solve the fi nal problem. Its es-
sence lies in the fact that the search for an extreme point 

in the space of controllable parameters is carried out by 
successive steps to a full view of the factor space.
The planning of the optimal thermal modernization of the 
housing stock in a residential area involves fi nding the 
parameters determining the choice of such types and the 
number of residential buildings, and also determining the 
sequence of their thermal modernization (with the optimal 
level of thermal protection for each selected building) over 
the years of the program implementation period to ensure 
the highest economic effi ciency of the thermal moderniza-
tion program, which can be described by the expression: 

where Ltot or NPVtot is the maximum total net present val-
ue resulting from the implementation of the thermal mod-
ernization program by the end of the period, MU; kij’ is the 
number of thermo-modernized buildings of the j-th typoe 
for the i-th year, pcs; Ʌij is optimal NPV for the building of 
the j-th type for the i-th year determined in the course of 
solving the local optimization problem, MU; Tact is the pe-
riod of the active phase of thermal modernization during 
which the implementation of heat protection measures is 
taken in the buildings under consideration, year.
To solve the formulated problem, it is necessary to spec-
ify additional fi ve initial parameters. Their justifi cation in 
the solution of the problem of planning thermal modern-
ization is a fairly important stage in the preparation of the 
initial data.
The fi rst initial parameter is the number of thermo-mod-
ernized buildings (N, pcs) in the residential area under 
consideration.
The second parameter is the number of types of build-
ings (M, pcs). 
The third parameter is the number of houses of each 
type (k1, k2…kM), the sum of which is equal to the total 
number of buildings, i.e. ∑kj = N.
The fourth parameter is the active time of the realization 
of the thermal modernization project in the residential 
area, (Tact, years). When justifying it, one should fi rst of 
all proceed from the possibility of an objective forecast-
ing of changes in the norms of energy-effi cient heat con-
sumption, as well as the real capabilities of construction 
contractors and the amount of fi nancing for the program.
The fi fth initial parameter is the intensity of the pro-
gram of thermal modernization ηi = f(t), characterizing 
the distribution of the number of reduced equivalent 
volume elements of thermo-modernized buildings by 
the years of the active phase of the implementation 
of works.  For the i-th year, the intensity is given by: 

where φj is the correction coeffi cient of the equivalence 
of a volume element for the j-th type of buildings, which 
in turn is determined by the expression φj = Vj/Vmin, 
where Vj is the volume of the heated part of the j-th type
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 of buildings, m3; Vmin is the minimum volume of the heat-
ed part in the selected types of buildings, m3.
The need to introduce the concept of the number of re-
duced equivalent volume elements, rather than a simple 
number of buildings, is due to the objective of obtaining 
comparable results, on the one hand, and on the other 

Figure 1: Generalized algorithm for evaluating the 
effectiveness of the thermal modernization program of 

the housing stock under the initial parameters 

hand, it is due to the need to ensure a reliable distribution 
of the volumes of the works to be performed in accor-
dance with the accepted intensity.
The generalized algorithm for evaluating the effective-
ness of the thermal modernization program of the hous-
ing stock under the initial above-mentioned parameters 
is presented in the form of a block diagram in Figure 1.
This algorithm can be represented in the form of the fol-
lowing sequential cyclic steps:
1. the initial parameters N; M; k1, k2…kM; Tact, ηi(t) and 

NPV models λ1…λM = f(X1…Xn) for each type of 

building are entered, with the time argument t given 
a the initial value tst ;

2. for the current time t the problem of local optimiza-
tion of the thermal modernization parameters for 
each type of buildings is solved, and a two-dimen-
sional vector Θ is constructed;

3. taking into account the assumed trajectory, the value 
of the thermal modernization intensity for the current 
step t is calculated;

4. the values of the vector  Θ are sorted by the criterion 
λj/φj. If λj increases with the time of the active phase, 
sorting is done in the ascending order, otherwise - in 
the descending order. After this, the index variable p 
of the vector Θ is assigned an initial value 1;

5. if the number of building types with the index p differs 
from zero, the total number of equivalent volumes is 
compared with the value of the thermal moderniza-
tion rate ηi for the current step t;

6. the intensity value or its remainder for the current 
step t is reduced by the total number of equivalent 
volumes of this type of buildings with the index p; 
the variable quantity of this type of buildings with the 
index p that are thermo-modernized at the current 
step t is assigned their remaining number and their 
total number is reset to zero so as to exclude this 
type of building from further consideration; the index 
variable p increases by 1.

7. the variable of the number of buildings with the index 
p that are thermo-modernized at the current step t 
is assigned the difference between their total num-
ber and the ratio of the sum or the residual intensity 
to the correction factor of an equivalent volume ele-
ment for a given type of buildings with the index p;

8. the value of the calculated step (in this case 1 year) 
is added to the time argument t;

9. the time argument t is compared with the end time of 
the active phase of thermal modernization.

The task of optimization in simulation modeling differs 
signifi cantly from optimization in traditional mathemati-
cal modeling. The simulation model is built outside the 
framework of the optimization process with the maxi-
mization or minimization of the objective function. The 
optimization process within the simulation model is im-
plemented by systematic changing the values of the 
controlled variables and then obtaining the results of the 
model run. The specifi city of this kind of simulation is that 
the results reach steady values only after multiple repeti-
tion of the experiment.
As in each experiment, the observations should be sta-
tistically independent and equally distributed in the sim-
ulation, so that the correct statistical interpretation of the 
simulated system is ensured [11]. The principal issue is 
the choice of the number of repeated observations. In 
the simulation, the results are usually unstable in the fi rst 
stage (transition state), stability (stationarity) is achieved 
under a suffi ciently long run of the model. Then the sam-
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ple error measured by the mean square deviation de-
creases and, consequently, the results become more 
accurate.
Using different sequences of random numbers ensures 
the independence of observations and reduces the sam-
ple error.
Despite the implementation of the above-described pro-
cedure for reducing the sample error, the trial runs of the 
model showed that the achievement of the stationary 
state takes a lot of computer time, on the one hand, and 
there is diffi culty in determining the transition to a station-
ary mode, on the other hand. 
To determine accurately whether a stationary state is 
reached, one of the methods of interrupting procedures 
the repetition method is used [11]; in this method the du-
ration of the initial modeling period ending before the ob-
servation begins is recorded.
When using the repetition method, each observation is 
obtained by a separate run of the model, with all runs 
starting with the same initial conditions, but using dif-
ferent sequences of random numbers. When stationary 
states are reached, observations у1, у2, у3…уn are ob-
tained in the form of values of net present values. The 
best estimate of this characteristic was calculated as 
the average value of the individual runs for the accepted 
simulation conditions:

Their variances were also calculated by the formulas:

where  i  is  the  number of run; n is the amount of runs. 
The exact value of the mean with a reliability of 95% 
was calculated as  

where  is the average value of the maximum net pres-
ent value; S is mean square deviation; n is the amount 
of runs; tγ;n is t-statistic for the probability level γ = 0,05.
The resulted statistical characteristics allowed formal-
izing the modeling process and reducing the computer 
time required for runs.
The implementation of the thermal modernization pro-
gram according to the proposed procedure made it pos-
sible to achieve the maximum net present value in the 
selected housing stock.

RESULTS

The proposed methodology was used for the optimiza-
tion of the sequence of the thermal modernization stages 
for a group of 720 residential buildings, which were rep-

resented by 12 typical series and included 60 buildings 
of each type. The climatic conditions were characterized 
by the HSDD value of 4763.7 °K per day. The econom-
ic conditions for the implementation of the planned pro-
gram of thermal modernization were characterized by a 
discount rate of 10%, a growth rate of tariffs for thermal 
energy of 15% per year and a current tariff of 45 USD/
Gcal. 
It was assumed in the calculations that the active phase 
of the thermal modernization program would last for 12 
years. It was assumed that the same number of equiva-
lent volumes of buildings, equal to 231.70 EQ units/year 
would be modernized within 12 years.
Based on the results of calculations, a graph of the opti-
mal sequence option (Figure 2), ensuring the maximum 
economic effect in the form of total NPV for the entire 
duration of heat protection measures in the amount of 
2,425,128,063 USD was constructed. The graph has the 
form of a histogram, the columns of which show the num-
ber of buildings modernized in each year out of 12 years 
of the active phase of the program. The colors and fi g-
ures in individual sections of the columns show the types 
of buildings in question and their number.
Estimating the calculated value of the NPV for the opti-
mal sequence of thermal modernization stages for the 
considered group of residential buildings, it should be 
noted that, on the one hand, an impressive fi gure has 
been obtained, and on the other hand, it must be remem-
bered that it will take 50 years to achieve this result; and 
for the implementation of such a program it is necessary 
to spend 662,402,316 USD over 12 years and to mod-
ernize almost 15 million cubic meters of the existing res-
idential buildings. With such big volumes, it is important 
to make sure that the proposed strategy is effective and 
expedient, and justify it thoroughly by scientifi c methods. 
To formulate reliable conclusions, the calculations of the 
two alternative options for the sequence of thermal mod-
ernization stages for the group of residential buildings 
that are close to the optimum have been additionally car-
ried out. Alternative options provided an economic effect 

Figure 2: Optimal sequence of thermal modernization 
stages for the group of residential buildings under 

consideration

(7)

(8)
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in the form of the total NPV for the entire duration of ther-
mal protection measures of $ 2,423,552,546 (option 2) 
and $ 2,407,198,675 (option 3), respectively.
For the confrontation of the conclusions, an option of the 
thermal modernization sequence for the selected build-
ings with the least economic effi ciency (option 4) was 
also used, with the NPV in the amount of 2,234,474,213 
USD. For all these options, the graphs were construct-
ed in the form of histograms showing the distribution of 
types and number of thermo-modernized buildings by 
years.
Analyzing the values of the NPV and the constructed 
graphs, it was found out that the sequence of thermal 
modernization for the selected group of residential build-
ings signifi cantly affected its effectiveness. The differ-
ence between the maximum and minimum values of 
the NPV, which characterizes, respectively, the optimal 
and least economical options of the thermal modern-
ization sequence for the buildings under consideration 
(without changing other parameters) was measured by 
190,653,850 USD, which was comparable to the budget 
of a large city. Thus, this difference was 8.53% relative to 
the minimum value of the NPV.

DISCUSSION

The logical fi nal step in the analysis was the establish-
ment of regularities in the distribution of buildings by the 
years of the active phase of program implementation, i.e. 
regularities of the formation of the sequence of thermal 
modernization of buildings.
In order to explain the regularities of the sequence relat-
ed to the choice of building types by years of their thermal 
modernization, the indicator of reduction in thermal energy 
consumption for heating and ventilation of building Δqheat 
is used; it is numerically equal to the difference in the val-
ues of the given characteristic for the chosen building type 
before (qheat

bf) and after (qheat
af ) its thermal modernization:

Δqheatт = qheat
bf -  qheat

af .

The physical explanation of the revealed regularity can 
be given for the building types if, fi rstly, it is taken into ac-
count that buildings of the type in question have almost 
the same heat-shielding qualities of external enclosures, 
and the cost of their thermal modernization differs insig-
nifi cantly with reference to the volume. 
Secondly, it is quite logical to assume that the smaller the 
amount of thermal energy is saved during thermal mod-
ernization, i.e. the smaller the value of the index Δqheat 
for the chosen type of building is, the smaller economic 
effi ciency is achieved by the measures taken in a given 
period of time in comparison with the types of buildings 
with a higher Δqheat. 

Thirdly, it is necessary to take into account that for the 
assumed economic conditions with time the value of the 
NPV resulting from the thermal modernization of even 

the same type of building is growing. Consequently, the 
later the modernization of the building type ensuring a 
higher reduction in the heat loss is made, the greater will 
be its contribution to the total value of the NPV resulted 
from the implementation of the program. In our case, this 
infl uenced the formation of the thermal modernization 
sequence for the group of buildings under consideration.
Thus, it has been revealed that when implementing multi-
year thermal modernization programs for large groups of 
buildings, it is expedient to start this program with the 
types of buildings with the lowest value of reduction in 
thermal energy consumption for heating and ventilation 
of buildings. This will maximize the effi ciency of the mea-
sures taken and ensure the greatest economic effect for 
the entire program.
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