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Optimization of energy consumption and cost effecteness of modular
buildings by using renewable energy sources

Peter Taug, Marcela Tau$ova Daniel Slosat, Matd$ Jeio' and Jan Kogo!

Problems of the temporary structures are generdéglt with by the use of modular buildings. Theseialy meet the terms of low
costs, as appose to the terms of convenience ofousenergy efficiency in operation. Using the #téechnologies in the production
of the modular buildings has improved the operasafficiently; it is now possible to use them efyirfor purposes associated with the use
of the buildings. Office buildings, warehouses, aodference rooms have become common standardovak&, we can already see
it as a normal part of cities and municipalitiescsal housing, schools, and kindergartens, whichrenal built using this technology.
During the assessment phase of these buildingsgerdficiency is always the priority. This artide aimed at establishing the economic
potential of modular buildings in the field of useé renewable energy sources. For the formulatiorthef problem and the definition
of borders of studied parameters, we proposed adouensional competency decision-making spaces dbtermines the examination
process that should identify areas in which itppeopriate to consider and assess the use of reblevemergy sources.
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Introduction

In recent years, the continuing worldwide decline economic indicators entails the crisis
in the construction industry in the Slovak Repubtiesulting in an increasing resonance of highfficieint
construction of residential modules, alternativedyled 'containers'. (Rafayova et al., 2012) THasklings are
often wrongly called building units. Constructiohamntainer modules in Europe is not new; it hasrbased
for more than fifty years, and their success is tlnethe speed of construction, minimal environmenta
disruption, and high variability. Today, when it mecessary to respond to situations flexibly angidtg,
the Modular construction directly offers an appiage solution. (Toréejova, 2012) The most prominent
representative of container architecture in Eurgpthe German architect Han Slawik, who has tocnéesdit
some successful realizations. RES in this areauseel only sporadically. The aim of this paper isagsess
the real possibilities of using renewable energthese buildings. (Tkéet al., 2012)

The characteristics of modular building

Modular architecture responds to needs specifith&o production of economically affordable housing,
the lack of space in cities, an eco-friendly wayifefa not least the pitfalls of legislative. The modull@sign is
smart but is also a comfortable solution for togldifestyle. (Buc, 2012) Modular construction frahe very
beginning was generally utilized because of itshadiate need to respond to the current situation.

Module

A module represents a unit of measurement. The ¢emes from the Latin word "modulus” - a small unit
of measurement. A module in architecture is tradaily derived from the scale of a human figureher fixed
scale. The modules are a means of standardizafi@orstituent component of the building. Modulegdis
to build today's modular objects are referred topefabricated space modules. The most detailechezie
of the module is Le Corbusier module that expregbes specified system, which had merged a measure
of human scale with conventional scale. In a maddkssign, the module is composed of multiple materi
in a so-called sandwich system construction. Thelevbuilding is assembled from these modules ofstrae
size.

Utilization of modular buildings

Modular constructions were born in the United Statwhere a relatively high percentage of houses
and residential buildings are built by the usehi$ method. The most developed country in thisigaler field
in Europe is the UK, where there are thus consgtuptrimarily schools, kindergartens, nursing hoanas other
similar buildings. There are some administrativ8dings under construction that the Slovak Repubtarted
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to inspire first by. School facilities in Slovakdae still built by the traditional method, whicheates a problem
of underutilization in the case of the young getienadecreases. Another appropriate use of modwlddings
is in the business sector, during the construaifdmotels, restaurants, shops, car repair shopsaoah.

e |

Fig. 1. Administrative modular building (Sourcdgéco).

Modern age demands modern approaches. The speedleaitdlity of this system often determine
the reasons why investors opt for modular condtacprojects. Rapid return on investment is theward
for progressive thinking. Modular constructions eglpto investors by their mobility with the pos§tli
of disassembly and reassembly at the new locafibis. method of construction is also environmentéilgndly
because the construction site is quiet and clearpdutants, which occur in the conventional doustions, are
minimized. Use of modular construction is friendly the surrounding area, with no large claims &otéiritory
for setting up the construction site.

The energy demands of modular buildings

The operation of modular buildings, correspondentspermanent constructions, requires high costs.
The largest share of operating costs requires gmsuhermal comfort as well as power supply. Heatin
and cooling of modular buildings costs just as maslthe rental price of such buildings. At prestm,standard
method of heating in temporary modular buildingsaidirect electrical heating unit. Cooling is piaed
by a separate air conditioning unit.

The energy demands represent the amount of enequyjred to operate the building. Here, we countyeve
energy input entering the building for its purpasefse. (Braunmiller et al., 2009) This is the gyefor heating,
heat loss coverage, cooling - reducing heat gait, \Water, ventilation, lights and power necessary
for the operation of other, mostly electrical appties. Energy demands can be perceived in two ways.

The investment energy demandare difficult to determine and include energy caned in the production
of materials for the construction of the buildingdats liquidation.

In contrast,the operating energy demandsare becoming a major indicator of economic openati
of the building. Energy performance of the buildiegresents the amount of energy consumed in #satipn.
Operating energy values may be affected alreadthénproject phase when it can be modified by factor
that cannot be edited in the already built objestish as placement in the field, shape, methodkeployment
of a glass surface, the composition of envelopecsires, etc. Factors that can be modified in liects
are internal heating systems, hot water systemstreatment and ventilation, air conditioning oraheyain
utilization.

Energy consumption provided by Energy Performanc®wldings may differ from the actual values
because they are considered as a standardizedf ube bduilding. In determining the energy perforrm@an
of buildings, we need to address the areas thatcoarectly assess the current situation and recardme
improvements. (Durdan et al. 2014) These areas are:

1. Description and evaluation of the initial state- except basic identification data of the buildirg
the location, size, shape, age, it is necessaigetatify ways of using and energy supply. It aleguires
characterization of the physical and structural ditton of the object, as to the composition
and characteristics of the envelope structure'sliton, the roof, floor, and apertures. Another aaiis
the technical condition of the building, which aglsses an energy supply system, the manner ofusede
and their technical specifications. It deals wtik technical condition of the heating system, ésameters,
hot water supply and lighting method.

2. Energy balance- for determining the energy intensity of the Hinb it is necessary to balance the type,
amount and purpose of energy including losseserstipply and distribution networks due to the isfice
of the efficiency.

3. Selection of the energy source the optimal solution is a choice of energy seufor each building
separately. It should be considered in additiorth® technical characteristics of the building, it
of a building location, the purpose of its use, timee of its operation, and so on. (Pajuet al., 2014)
Itis not appropriate to standardize the energyc®uRenewable energy sources are usually findycial
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more demanding than traditional energy sourceis, itherefore, appropriate to consider its useomes
aspects. (Rybar et al. 2015)

4. The economic assessment the considered options should also be evaluatddrims of their economic
efficiency of the use of investment funds and theirgy effect achieved. This is based on the value
of the building before and after the implementatioh austerity measures and the determination
of the internal rate of return, which is the ratibthe increase in value to the funds spent andrahe
the payback period for investments. It is cleat tha optimal variant is the one that will bringethighest
internal rate of return and shortest payback period

Ad 1

The energy performance of the building operatioradidition to those above can be majorly influenced
by the shape of the building. (Kusnir et al., 201B)can be a problem, especially for modular carcitons.
Investors are often requesting a design in suchargety of unusual shapes to increase the attrawsse
of the building. However, the more building is fragnted; the more thermal losses are recognizeds§idé
et al., 2013) Therefore, we examined five differgmapes of modular buildings. These are showngnZi

Fig. 2. The spatial arrangement of studied buiddin

The most energy-efficient and the most widely uakdrnative is the alternative no. 1. For this aatj
the measurements were obtained for energy consompin the 2013 and 2014 and compared
with the calculations of the normalized energy congtion. For the other variants that are part efrsearch
for the possibilities of using renewable energyrses, we established the values for energy consampnly
by use of standardized calculation.

Ad 2
The first factor counted for the balance calculati® the calculation of building heat losses. Warted
according to the technical standard STN EN 12831 Thermal loss calculation method for cases exanin
is based on the following assumptions:
a, air temperature and designed temperature are edethibuted,
b, building heat losses are calculated for steadye séssuming constant properties (temperature values,
properties of building structures, etc.),
¢, the height of the building must not exceed 5 m,
d, buildings are heated to a specified and lastingp&Fature interval,
e, we have to assume the same temperature and thengsemperature of the air.

Total design heat loss of the heated area is @tmlusing the formula:

cDi = (CDT.i +cDV,i )[fAH.i [W] (1)
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Legend:
CDT'i — designed thermal loss in the transition of lredhe heated space (W),

cDV,i — designed heat loss caused by ventilation imé&aded space (W),

froi — temperature correction factor (-),

The total proposed thermal input of heated obgbiised on the relation:

Py =P +dy; +O
(21)

RH,i [W]

Legend:
CDRH’i - starting heat output required to offset the affex the intermittently heated area (W).

Of course, the overall calculation consists of maalg-calculations. The method for calculating Heas
from building consists of these steps:
1. determination of the value of the external tempertnd the average outside temperature values,
2. definition of the heated and unheated areas aratiegtthe values of internal designed temperatore#ch
heating room,
determination of dimensional and thermal charasties of all building structures,
the calculation of projected heat loss by the ftamsof the heat, (Durdan et al., 2015)
calculation of the designed heat loss caused biflaton,
calculation of total heat loss of the heated area,
calculation of the heat input to the heated area,
calculation of total projected heat input for theated area.

NGO~

Because of the required emphasis on the quality ttef indoor environment, we considered
in our calculation the heating as well as the egplbf the area. The results of calculations for $itenario 1
are as follows:
Tab. 1. Annual energy requirements of modulardings.

Annugl energy Heat Cold Hectricity Overall
requirements (Other)
(KWh-a") 19 217 7 687 6 282 33186

As mentioned above, the calculations for this vari@ere measured and obtained during the years 2013
and 2014. The results of the measurements are sliowrable 2. The table shows the average values
for the years 2013-2014. They show that the ackmdrgy consumption is lower than the calculated.
This may be caused by warmer winter periods of afer, which are becoming more frequent in our ¢gun
On the other hand, these results confirm the ctvess of the calculations of heat losses for othgants.

Tab. 2. Electricity consumption measurementserstindied building.

Month Total consumption Ener?o): (r:‘(;r;fi:r;ptlon
(kWh) (kWh)
January 3242,22 2945,16
February 342554 2 459,87
March 2 258,72 1857,95
April 1 594,50 1462,50
May 1410,52 315,90
June 934,65 0,00
Lujy 1117,31 0,00
August 1413,39 0,00
September 1516,52 76,80
October 2770,20 1839,58
November 2676,92 2518,92
December 2 657,06 2 496,06
Totaly for Year 25 017,55 15 972,74
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The course of the electricity consumption is simila most modular buildings for administrative use
and educational institutions. Therefore, it is mted to work primarily with renewable resourcesetmble
comparison with the model used so far to respomxifly to the consumer requirements and enable
the production of heat but also cold.

Ad 3 Choice of energy source

The categorical imperative for the choice of enesgyrce is in the nature démporary modular
buildings. This means that the priority is focused on arile@scessible link to the local energy and local
renewable energy sources. Because of a need for labources for operating, cleaning and regulategymes,
they have primarily excluded "primitive" renewalglieergy sources such as biomass and its derivafi@eblar
et al., 2014) (Sebo et al., 2007) A second appreashto exclude the orientation of the heat pumferaater,
which is particularly expensive to install becaudethe need for two water wells, boreholes or measd
For the third approach, we would select renewalelgources that fulfill the requirements of modularit
the simplicity of installation and operation ande astructurally acceptable. This condition was met
in photovoltaic technologies that use solar enef§gser et al., 2014) Each of the following eneegpnomical
version will be considered in the final assessnwnthe contribution of PV equipment, designed adowy
to the type of building and according to the metbéelectricity consumption in the building. Thesti criterion
of the Quantifying was to determine the rankingeordf the energy sources constituted, expressatidunit
costs for the variable component of the balance.

The appropriate resource systems in the area ofnte@ded installation of the modular buildings are
the following variants:
electricity only (cooling and heating), electric{ipther)
natural gas - heating, electricity - cooling, efity (other)
heat pump - air/water (RES), electricity (other)
district heating, electricity (other)

oCow»

As it appears from the preceding, all the variamtsur with the consumption of electricity and other
electrical consumption, including the electricalpbgnces in the building. Thus, the use of phottaiol
equipment was considered in all tested varieties.

Photovoltaic equipment

In Slovakia, it is necessary to consider what londPV panel will be used to generate electricityisltrue
that a monocrystalline cell has the highest efficie from direct sunlight, which makes it suitable fuse
on the swing structures, also callecatlers”. (Vaculik et al., 2014), (Dostal et al., 2pThis fact excludes
the use of monocrystalline PV panels for the neefdsnodular buildings. A preferable alternative iaro
conditions is the use of polycrystalline, amorphaund thin-film PV technologies. The advantage eSthtypes
is the absorption of a higher proportion of diffds®lar radiation. The disadvantage of amorphodstiain-film
modules is the need to have around twice the apeaaf equal performance of the device compared
to polycrystalline and monocrystalline PV. Whenestihg appropriate PV technology to the modulatdaug,
it is important to accept the significant factoattis the burden of the roof, because it is a s&ideonstruction.

In this regard, it is appropriate to consider tee of polycrystalline panels integrated into thef mr amorphous
PV modules used as a roofing membrane. In our wwekproposed the use of PV shingles as an intejrate
roofing material for modular buildings.

In practice, now used in place of the trapezoitigles that would have been fitted to the steel gifsB
category 3 of thickness 18 mm, the PV shinglesoisgto be installed instead. Such PV roof is catgly
acceptable and meets the standard properties obtifimg. Additionally, this generates electricitile, in our
country, this can be considered as an area perfarenat 68 Wp-ifi The total installed output of the roof
module with standard six pieces of PV panels dfaifesd output of 816 Wp, while respecting the dis&@from
the edge of the module for a compulsory part oRieinstallation that is the lightning conductor.

""FM

Fig. 3. Roof with PV system Teg&obr (US&k, 2014).
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To determine the electricity production, there ire@y an available number of applications working
with a more or less precise and comprehensive dagabi-or the best estimate of the production aftréddy,
the greatest number of relevant data is neededprésent, the most widely used program for calauipti
the output of a PV system is a program called PV@8otovoldic Geogaphical Information System),
which was developed by experts in the field of meiogy and PV systems. The application was lausche
in 1995. The source of the application is a dambasmposed of information on solar radiation
and climatological data for Europe homogenized biyngia model r.sun and interpolation techniquesl st
anda.surf.rst.

The mentioned progm uses data on the intensity of sunlight duringlearc sky, in various stages
of a cloudy sky, and then further uses data abwatréflectivity of different surfaces and positiohthe sun
in the sky. All the data in conjunction with the SShpplication to use for a particular location, kvhbeing
processed into the output in the form of the enengfput of the PV system. (PVGIS © European Commties)i
2001-2012) In calculating the potential, we usedeline data from the results of the individual tembgies.
The calculation is executed in the program PVGI8;ckose KoSice for the site installation. The ajgpion
calculates results for this particular location afidhe information necessary for the determirtimg production
output:

PVGIS estimates of solar electricity generation

* Location: 48°44'13" North, 21°13'1" East, Elevati863 m a.s.|.,

« Solar radiation database used: PVGIS-CMSAF

* Nominal power of the PV system: 0.8 kW (thin film)

« Estimated losses due to temperature: 8% (genefige vior areas without temperature information
or for PV modules with unknown temperature dependgn

» Estimated loss due to angular reflectance eff@cks%

e Other losses (cables, inverter, etc.): 16.0%

e Combined PV system losses: 25.4%

e Total for year electricity production from the given system: 763 kWh

It follows that using an integrated PV system imadular construction system, we can generate froen o
module roof an annual profit of 760 kWh of eledtsicIn the case of micro-drivers, it is only pdssito use
the electricity exclusively for its own consumptidn the case of a standard inverter we can selletkcess
electricity to the public distribution network.

Ad4. Economic evaluation

The proposed option has to be assessed in terecwobmic performance and energy security. The aisaly
is based on the "A" variant, in which it was prope®nsuring the heat, cooling and electricity siraple way
by the transformation of electricity directly intbe heating bodies. This variant is economicallg thost
difficult and prohibitively expensive solution wiht added value. Numerical costs of this option then
selected for a comparative base as an expressitie afiodeled and limited accessibility:
a, to another source of energy other than electrinithe area,
b, the one-off investment cost in the an optimal level

The difference in the cost of this alternative then options is to save the annual operating dostsnergy.

Tab. 3. The economic energy intensity of the pateystem interface after transformation.

. . Cost Specific costs Saving
Variant |Way of transformation T i T
(€-year”) (€-kwWh™) (€-year”)
A Electricity only (cooling and heating), electrigifother) 4331,1p 0,1305 0
B Natural gas - heating, electricity - cooling, ¢t@ity (other) 2 308,38 0,0696 -2022,71
Cc Heat pump - air / water (RES), electricity (other) 1 756,09 0,0529 -2 575,03
D District heating, electricity (other) 296824 0,889 -1 362,84

An excellent solution shows only in terms of val&lenergy costs, for the existence of only a power
connection to use technology based on heat pumjasar; air/air heat and refrigeration (Variant C).
For the possible existence of connections betwesnral gas and electricity, it appears appropriataise
of condensing boiler technology for heat and eleityrfor cooling (variant B). Following this, thassessment
of economic efficiency, we focus on options B andwvith the fact that it is based on the value ofisgs
to alternative A referred to in the last column ©&b. 3. In the column Specific costs, the resgltialculation
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of annual operating costs iggsented. It excludes the costs of the supply @af connection, electrici
connection and so on.

Meaningful economic evaluation of the effectivenessnvestments wittan acceptabldnformative value
for the client in terms of time is a period an economic lifetime of théechnology. (Taus et al. 200
(Csik6sova et al. 2011) Inhis cas, T = 25 years is selected for financial evaluation lifetim.
Thus theinvestments benefit from it, although their tempgreharacter may be moved. They are capable
of condensing boiler technology and heat pur air conditioning units.

The calculation of economic and financial indicatéor variant B (boiler, climate) and variant C ég-
split) was implementeth three case
e without using PV,
e using PV with @.00% consumption of productic
e using PV with &70% consumption of productic

Tab. 4. Results of the analysis and evaluation of the exonefficiency of various types of energy sup

Marker M.U. Variant
A | B c D
Consumption of heat (KWhty) 19217
Consumption of cold (kwhly) 7687
Other electricity consumption (kKWhy) 6 282
Energy costs (€ly) 143311 2308,3 1756,1 2 968,2
Savings directly to the var. no. A (€ly) 0,0 2022,8 2575 1362,9
Savings from PV - 100% consumption (€ly) | 1005,0 | 0,0 | 0,0 | 10050 | 0,0 0,0 1005,0 | 1005,0
Savings from PV - 70% consumption (€ly) 825,6 | 0,0 | 825,6 0,0 0,0 825,6 0,0 825,6
The cost of the investment project € - 4 700,00 5 500,00 -
The evaluation time T 5 (Year) - 25 25 -
Simple payback period (Year) 11,1 | 4,39 3,89 6,42 | 3,67 3,35 -
Simple payback period (Year) - 19 6 5 8 5 4,00 -
Discount rate (%) 5
The net present value € - 659,7(9735,4| 11707,8 | 6036,3| 15112,1| 17084,5 -
Internal rate of return (%) - 1,40 [ 16,49 | 19,44 | 9,30 | 21,05 23,52 -
Summary

Based on the results of the «-benefit analysisit can be concluded that variant C with a simplghaak
period of 6.42 years and an internal rate of rewir®.3% offers better results than variant B. le tase
of theuse of PV systems, the value of outcome indicdtassimproed. The best resu are shown in a variant
with the useof the PV 100% of the energy consumption, the pelylfeompared to the option C without the |
of PV) is reduced to a value of 3, and the internal rate of return is raistd 23.5.%. Likewise,
there is a positivehange in the other monitored indicators (net presalue, fair payback period), as sho
by theresults in Tab. 4. The production of PV roof of dm&lding module is 763 kWh per year. Modu
building in Option 1 has sevemodules. In the calculationf savings, the saved energy and paym
for electricity generated from r@newable source consumed at the productio were considere. PV system
has no costs to the end ugbe manufacturer offers PV roof for the price of tassic roo

Based orthis, we recommento the investoito construct modular design, ensuring energy thnougat
pumps - air/waterwhile installing the PV system sized for the aamgtion of theentirdy generated electricity.
To sum up the proposed investment, i
h|gh|y attractive from an inVeStor Cumulated flows discount - variant C
viewpoint. We take into account tl | **"
results of all the indicators of econon
efficiency from a short payback period

the high internal rate of return, whi | w0

visually shows an overview ¢

cumulative cash flow over the ee | ™ | | | ‘ ‘ ‘ | I | | | | |
lifetime of the modulabuilding (fig. 3) 200 -l |_| LA I I I |

| |
|0|Il| |2II3 I-I IS 6 7 8 9 10 11 12 13 14 I5 16 17 18 19 20 21 22 23 24 25

15000,00

=

-5000,00

-10000,00
Fig. 3. Cash Flow overview in thev@riant. aWithout PV =With PV _ 0% cons. = With PV - 100% cons.
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Conclusion

Energy consumption for heating, respectively theliog of buildings is an essential part of the Gpiag
costs of buildings. The modular construction andeptconstruction projects grow the need to redunesrgy
demands, which entails a reduction in £&issions.

It is inevitable to think about energy consumptaiready during the design phase - the locatiomati
impacts in the field, mountainous terrain surroagdihe construction and building orientation, sidea glass
surfaces, etc. The indicator could also be a w@tithe size of the cooling casing to the heatinum®, which
should be minimized. The most important factoriscourse, Thermal performance of the envelopeciiras
and apertures. The use of building materials amadpoments with a low coefficient of heat transfed #me right
composition can prevent heat losses and thermdgési In particular, efficient and optimal use wvéitable
modern technology can be achieved by reducing gresgsumption and the adverse impact of the coiuers
on the environment.

Nowadays, of course, the assessed factor in theessicof an application for a building on the market
becomes a contribution of renewable resources sorenthermal comfort in the building. At the corsiins
of the work, it is apparent that, even in temporamjidings and innovative solutions in the formrbdular
buildings, have renewable sources for their extensise. Without thorough research and assessmeait of
the input factors, it may be that the violent prdio of renewables in the energy base of moduladings
will not use the optimal potential of these resesrcWhile in the market economy, one cannot ignore
the effectiveness of the investments made. (Stangbal. 2006)

The ideal solution is to design and implement thsinoal variant, which will articulate demands
of the times on environmental requirements with #@®nomy of modular buildings at the supplier level
or the level of the user.
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