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Abstract. The paper describes the dynamic model of the changes of the operating and investment
costs that are associated with the energy consumption in the building. These costs are assessed
for the building structure and HVAC systems. The aim of the research is to find the time
dependent energy consumption and the cash flow that depends on the investments to energy
saving arrangements and operations. The solution is based on the system dynamics method. The
method makes possible to interconnect technical and economic parts of the problem. The main
parameter in the model is the energy consumption in the building per floor square meter and
year. This parameter is influenced by a deterioration of the building structure and the components
of the active elements. Another influence are the investments that are realized with the aim to
decrease the energy consumption. The example of the calculation of the main system parameters
during the building life cycle with two projects is presented in the paper. The main output from
this research is the developed model which makes possible to investigate the influence of
multiple energy saving projects during the building life cycle.

1. Introduction

The energy savings efforts in the buildings are nowadays more focused on the existing housing stock.
The new buildings are built according to the technical standards that ensure low energy consumption.
The prediction of the energy consumption during the building life cycle deals also with the economic
evaluation as the life cycle cost analysis [1]. It has the relationship to the decision about energy saving
projects. Investors are usually interested in payback period that is well understandable. Another
parameters are based on outputs from net present value and internal rate of return methods.

The aim of the paper is to develop the model for the description of the dynamic behaviour of the
system including building structure and HVAC system where the key parameters are heating energy use
[kWh.m2.year'] and the cash flow generated by the projects. The calculations uses the system dynamics
method.

The solution has to include the changes in the external environment as energy price changes and the
decision about investment activities that will influence the future energy consumption [2]. Another
important issue is the influence of the maintenance level that can change the effectiveness of HVAC
systems [3]. The building structure suffers from ageing construction materials. The thermal materials
are made as fibrous materials or cellular materials. The thermal conductivity in the fibrous materials are
influenced by the moisture and in the cellular materials by a diffusion of air into the cells. It causes slow
resistivity decreasing during the building life cycle.
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2. Method

The developed model is based on system dynamics. This method allows to interconnect technical
calculations and the economic parameters calculation in one model [4]. The main elements in the model
are stocks (levels) that are the key parameters in the investigated problem and flows influencing the
stocks. The auxiliary element are convertors for the other parameter calculations and logical functions
applications. The main equation (1) describes the changes in one stock during the time interval from ¢,
toz[5].

Stock(t) = j[]ﬂow (5) - Oflow(s)ds + Stock (t,) (D

)

3. Model description
The model covers above described issues and it is used for the simulation in the case study.

3.1. Model elements
The dynamic model is depicted in figure 1. The element Energy consumption/m2/a is the annual energy
consumption per quadrat meter of the floor space. The stock changes are described by equation (2).

Energy consumption/m’/a(t) = Energy consumption/m*/a(t — dt)+(increasing — decreasing)-dt  (2)
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Figure 1. Dynamic model with main elements.
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This stock is influenced by increasing and decreasing flows. The deterioration element includes ageing
of the structure materials (thermal insulation) and HVAC systems. The rate of the changes depends on
level of the planned maintenance and level of the repair maintenance. These inputs create the basis for
the calculation of increasing flow. Decreasing flow is derived from investment element where the time-
dependent changes of investment costs are entered. It is possible to use any level of investments in
desired number of the refurbishment projects. The implementation of the project will cause the step
change of the energy consumption.

The Cash Flow is calculated as the difference between income and outcome element values. This
value presents the cash flow of the energy saving project, it means, it does not include all operating costs
occurring during the service period of the building. Income is equal to the saved money after the
implementation of the project. The important influence has also the initial energy price and the annual
change of the price. Oufcome is the sum of the investment costs and the maintenance costs.

3.2. Input parameter values
The simulation was performed for the family house for the time period 40 years. In this time period the
investor implemented two energy saving projects (named Project 1 and Project 2) with the goal to reduce
the energy consumption in the house. The reason for the second project is the wearing of the elements
which influence the energy consumption and the possibility to use new more effective structure/HVAC
elements.

The dwelling is 45 years old and the initial specific energy consumption is 250 kWh.m™.year. For
the planned maintenance is spent 38 CZK.m™.year™' and for the repair maintenance 20 CZK.m™.year™'.
The value of deterioration element value is derived from these inputs and it is 2%.

Table 1. Input values — energy.

Initial price Initial consumption Annual change

of energy of energy of energy price
[CZK kWh] [kWh.m?.year] [%]
1,22 250 2,5

Table 2. Input values — projects.

Investment activities Investment costs Implementation
[CZK] [year]
Project 1 600000 3
Project 2 600000 23

4. Results
The resultant values from the simulation are depicted in figure 2 and figure 3. The first figure presents
specific energy consumption and year operating costs (heating) during the 40 years. The realized
projects caused the reduction of the energy consumption and accordingly also the operating costs.
Because of expected energy price rise this benefit disappears after same time. The final value of the
specific energy consumption is 88,6 kWh.m %.year .

In figure 3 the projects cash flow is presented. The cash flow for the first project did not reach the
zero value during the observed time. The second project has the higher outcome due to higher price of
energy in the last years of the time period. The development of the energy price is also drawn in figure 3.
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Figure 2. Energy consumption [kWh.m2.year™'] and year operating costs — heating [CZK].
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Figure 3. Cash flow of the projects [CZK] and price of energy [CZK.kWh™'].

Because of expected high sensitivity to energy price rate parameter the calculation was performed with
the aim to demonstrate this influence. The simulation of cash flow for different values of energy price
rate has been done. The input parameter values were changed from 1% of the year increasing to 5%.
The resultant values are in figure 4 and final values are in table 3.
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Figure 4. Cash flow [CZK] for different values of year energy price rate — from 1%
to 5% (the curve 1-5).

Table 3. Output values — Cash Flow final value.

Energy price rate Cash Flow
(%] [CZK]
1 -360515
2 -31822
3 407023
4 996313
5 1791746

5. Conclusions

The dynamic model has been developed. It allows us to perform simulation of the complex system
behaviour. The system dynamics model can work with any number of energy saving projects during the
life cycle of the building. It makes possible to investigate the relationship among all projects. The output
from the model is the energy consumption per square meter of the floor space, the energy consumption
in the building and total energy consumption during the certain time period.

Another output is the cash flow, which is influenced by the energy saving projects implemented during
the investigated time period. It is the important result because it helps us to make decision when to
refurbish the building and how much to spent for the passive and active elements. The main output is to
find the feasible alternatives for the energy consumption decreasing and the affordable investment costs.

Acknowledgments
This research has been supported by SGS grant SGS17/122/OHK1/2T/11 Dynamic models of changes
in building industry investments.

References

[11 Anderson J S 2011 Green Building Project Planning & Cost Estimating (Hoboken: New Jersey
John Wiley & Sons) 337



Central Europe towards Sustainable Building 2019 (CESB19) IOP Publishing
IOP Conf. Series: Earth and Environmental Science 290 (2019) 012066  doi:10.1088/1755-1315/290/1/012066

[2] Sayce S, Walker A and Mclntosh A 2004 Building Sustainability in the Balance (London:
England EG Books) 17

[3] Chanter B and Swallow P 2007 Building Maintenance Management (Oxford: England Blackwell
Publishing) 128

[4] Morecroft J 2008 Strategic Modelling and Business Dynamics (Chichester: England John Wiley
& Sons) 39

5 Sterman J D 2000 Business Dynamics: Systems Thinking and Modeling for a Complex World
Y ) g g p
(Boston: Massachusetts Irwin/McGraw-Hill)




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 450

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 450

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



