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Abstract

The objective of this thesis is to present the capabilities of two free access software
related to the design, and optimization of hybrid energy systems incorporating various
technologies. The first one is called REopt and focuses on site-specific system
optimization within the USA. It also emphasizes the integration of renewable energy
sources into the grid and resilience of the system. The second software is called nPro
and concentrates on the detailed design of district-level energy systems requiring a
more sophisticated network modeling. Also, this software performs a building-based
approach on how to design heat networks. To understand the functionality of these
tools, several (non-comparable) case studies will be conducted regarding the
sustainability of the analyzed systems and the efficiency of the software tools. Overall,
the thesis is developed in the form of a user manual in order to understand the basic
features of the two software tools.

In the first chapter, the evaluation concentrates on REopt software. A step-by-step
tutorial is presented followed by three applications to emphasize the functionality of
REopt. The first system is a PV-Battery-on grid; the location will be in Denver, USA, and
the energy goals are cost-savings and clean energy production. The second application
is a PV-Battery-CHP unit—on grid, the location will be based in San Francisco, USA and
the energy goals are the same. Finally, a conclusion is made as to whether the foresaid
hybrid systems minimize the life cycle cost of energy and are economically viable.

In the second chapter, a thorough technoeconomic analysis will take place by nPro
software. Unlike REopt, nPro provides users with data from different locations
throughout the world. First, demand profiles will be demonstrated followed by district
energy systems classification. Then, a step-by-step guide will take place in which all
the functions of the tool are described. Finally, a case study will be presented focusing
on specific hybrid systems and their economic potential.

The location of the analysis will be in Chania, Greece in a specific district containing
Nikolaou Skoula, Efedron Polemiston, Zimvrakakidon and Mathiou Milonogianni
streets (as for all of the upcoming applications). The first three systems will focus only
on their electricity demand and contain a PV-Wind-on grid system, a PV-Battery-Wind
Turbines-off grid system and a Hydrogen-PV-Wind Turbines-off grid system. A comparison
of them will be made recommending the optimal solution.

Focusing only on heat demand with nPRO, some other systems will be analyzed
including a Geothermal Energy-Heat storage-on grid system and a Biomass CHP unit-
Heat storage-on grid system. A comparison between them will follow proposing the
optimal solution.

Key words: REopt, nPro, techno-economic analysis, optimization, Distributed Energy
Resources (DERs), photovoltaics (PV), battery, gas emissions, Combined Heat and
Power (CHP), district heating and cooling (DHC), demand profiles, hydrogen, hybrid
systems, energy hub, investment cost, Net Present Value (NPV).
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MeplAnyin

Avtikeipevo tnG mapovoog SUTAWHATIKAG epyaciag €lval o oxedloopog kot n
BeAtiotomoinon uPPLOKWY EVEPYELOKWY CUOTNUATWY HEOW TNG afloAdynong tng
amod00nC , TNG OLKOVOULIKAG amoSoTIKOTNTAG Kol Tou TEePLBAAAOVIIKOU TOUG
OQIMOTUTIWHATOC UTIO SLapOpPETIKEG oUVONKEG AslToupylag. MNa TNV TEXVOOLKOVOULKN
OVAAUON QUTWV TWV CUOTNHATWY, XPNOLUOomoloUvTal eEEOIKEVUEVA AOYLOUIKA. To
TpwTo €ivat To REopt, To onolo emMKeVTPWVETAL 0T BEATIOTOMOINON CUCTNUATWY O€
OUYKEKPLUEVEC TOoBEDIEC EVIOG TwV HVWHEVWV MOALTELWVY TNG AUEPLKNC. AlveL ETtioNng
€udaon otnNV EVOWUATWON OVOVEWOLUWY TINYWV eVEPYELOC oto SIKTUO Kal otnv
avOEeKTIKOTNTA TOU cuoTruatoc. To SeUtepo epyaleio eival to nPro, To omoio eotidlel
OTOV AEMTOUEPN OXESLAOUO EVEPYELAKWY OUCTNUATWV Ot eminmedo ouvolkiag,
amoltwvtag ouvBetn  povtedomoinon Slktuwv. A TV Katovonon TG
AELTOUPYIKOTNTAG TwV €pYaAeiwv autwy, Ba ekmovnOel pla peBodoloyia €peuvag
(case study) mou Ba afloloyel Tn BlwaopotnTa TWV £EETA(OUEVWY CUOTNUATWY KOL TNV
OIMOTEAECUATIKOTNTA TWV AOYLOMLKWY. H TITUXLOKN £pyaoiol avOmTUOOETAL GUVOALKA
HE TN Hopdn €vog eyxelpldlou Xpnotn, UE OKOMO TNV KOTOVONON TwV BaClKwv
AELTOUPYLWV TWV SU0 AOYLOULKWV EPYAAELWV.

JTo TMpWTo KepdAalo, n afloAOynon EMIKEVIPWVETOL OTO AOYOULKO REopt.
Mapoucotaletal €vag avaAuTikog odnyog xpnoncg, oKoAouBoUUEvVOG amod TPELS
epopUOYEG He OTOXO TNV avadel€n TnG AetTtoupylag Tou epyaAsiou.

To mpwTo cuoTnua ival éva cvotnua GwToBoATAIKWY TTAVEN, uratapiag Ta omola ivat
ouvbebepéva pe to Oiktuo otnv tomoBecia Denver, H.M.A. kat €xovtag wg
EVEPYELAKOUG OTOXOUG TNV €E0LKOVOUNGN TIOPWVY KAL TNV TAPAYWYr) EVEPYELAG ATIO
QVOVEWOLUEG TINYEC. H SeUTepn edapuoyn adopd Eva clotnua dwtoBoATaikwy TAve],
uratapiag Kat povadag oupmapaywyfAg NAEKTPLKAG Kal OepuikAg evépyelog €miong
ouvbebepévo pe to SikTuo, pe tomoBeaia to San Francisco, H.M.A. kat toug i&loug
EVEPYELAKOUG 0TOX0UC. TENOG, €€AYETAL TO CUMMEPACUO WG TPOC TO KATA OGOV Ta
mapanavw uPRPLEIKA CUCTAKOTA MELWVOUV TO KOOTOG KUKAOU {Wwn¢ TNG EVEPYELAG Kal
elval olkovouLka Blwotua.

210 6eUTEPO KEDANOLO, EKTIOVEITOL TEXVOOLKOVOULKN AVAAUCH HECW TOU AOYLOULKOU
nPro. Ze avtiBeon pe to REopt, To nPro mapéxel otoug xpnoteg Sedouéva yla
tonoBeoieg oe OAo TOV KOOMO. Apxlkd, Tapouctaloviol ta TpodiA evepyeELAKAG
{ntnong, akoAouBolpeva amo TNV KOTNYOopLOTIOLlNon TwV CUCTNUATWY EVEPYELAG OF
eninedo ouvolkiag. Ztn ouvéxela TapatiBetal €vag avaAuTtikog odnyog Tmou
neplypadel OAeC TG Aewtoupyie¢ Tou epyaAeiou. TEAog, ylvetal pla €psuva
neplmtwong (case study) EMKEVIPWUEVN OE CUYKEKPLUEVA UBPLOIKA cuoThpaTa Kot
TNV OLKOVOWLKN TOUG T(POOTTTLKH).

H tonobBeoia tng avdluong eival ta Xavid, EAAASQ, 0 CUYKEKPLUEVN TIEPLOXA TIOU
nepthapBavel g 06ou¢ NikoAdou ZkouAd, EbéSpwv MoAepiotwy, Zupuppakakndwv
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kKot MaBlou MuAwvoylavvn (Omw¢ LoXUEL yla OAEG TIC eMOUeveEG edapUoyEG). Ta
TPWTA TPLO CUCTAMOTO ETLKEVIPWVOVTAL OTOKAELOTIKA OTL( QAVAYKEG NAEKTPLKNG
EVEPYELOG TWV KTNplwv Kat mepthapfavouyv: Eva olotnua dwtoBoAtaikwv-
avepoyewntipuv  ouvdebepévo pe To  Siktuo, €va  olvotnpa  PpwTtoBoATaikwv-
QVEHOYEVVNTPLWV-UTTaTopiag eKTOG SikTUou Kol TEAOG €va oUotnua texvoloyiag uSpoydvou-
dWTOBOATAIKWV-AVELOYEWNTPLWY EKTOC SikTUoU €MioNG. Oa YiVEL CUYKPLON TWV TPLWV
TIPOKELUEVOU va TpoTtaBei n BEATioTn Avon.

ITn OUVEXELD, £0TLALOVTAC OTTOKAELOTIKA OTI( OEpUIKEC QVAYKEG TwV KTlplwv ,
oavalvovtal Ta €EAG CUOTAHATA: £va ocUOTNUA YEWOEPUIKAC EVEPYELAC UE CUVAUQ
anoBrikevon Beppotntag ouvdedepévo pe to Siktuo KoL €va olotnua povadag
cupmapaywyng and Blopdla pPe Tautoxpovn anobrikeuon BepUoTNTAS, CUVOESEUEVO LIE TO
Siktuo. AkohouBel oUykplon Twv V0, Pe oTOX0 TNV POTAoH TS BEATIOTNG AUONC.

Né€elg kAewdud: REopt, nPro, TeXVOOLKOVOULKN) avaAucn, PBeAtiotomnoinon,
Katavepnuévol Evepyelakol Mopol, dwtoPfoAtaika (DB), upmotapia, EKMOUTEC
oeplwy, upmopaywyn HAektplopol kat Oeppotntag (XHO), Siktuo Slavoung
B€puavong katl Pueng, mpodiA Intnong, udpoyovo, UBPLOLKA CUCTIUATA, EVEPYELOKO
KEVTPO, EMEVOUTIKO KOoTOG, KaBapr Napovoa Afia (KMNA).
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CHAPTER 1: Overview and implementation of the REopt
Optimization Tool

1.1. Introduction

REopt is a web tool for techno-economic modeling and optimization of Distributed Energy
Resources (NREL, 2025). Distributed Energy Resources (DERs) are small-scale power
generation or storage technologies that are located close to where electricity is used, such as
homes, businesses, or communities. Unlike centralized power plants, which generate
electricity far from where it is consumed, DERs are decentralized and often renewable,
offering greater flexibility, resilience, and efficiency to the energy grid. When a site is
considering Distributed Energy Resources (DER’s) there are a lot of factors to be addressed
such as local renewable energy resource at our site, technology costs (capital costs, O&M
costs) and incentives that might be available evaluating site and organizational goals and
priorities. That concludes cost savings, resilience against grid outages, and clean energy goals
for decarbonization and/or health related emissions in energy justice. Financial parameters
contain not only the upfront costs but also the potential savings that the requested technology
can provide throughout the technology life.

REopt helps co-optimize all of these different factors and help sites identify the cost optimal
system sizing of DER assets that could meet their site or organization goals. The form of this
chapter is to provide manual instructions on the user in order to understand the basic features
of the REopt computational tool. It is suggested in a later stage (e.g. in the form of a new
thesis) to provide examples that will be based on realistic scenarios and comparable to each

other.
1.2. Tutorial
° To begin with, each user can access the REopt web tool interface at

https://reopt.nrel.gov/tool/, and the following webpage will appear.

REopt: Renewable Energy Integration & Optimization By N RE L

2
Transforming ENERGY
Aboutv WP EITLISELEGN Projects  Publications  Contact Us
# » REopt Web Tool

Help Manual | API | Open Source Code ‘ User Forum ‘ Log In/Register @

Attention! The REopt Web Tool and API are now using open-source optimization solvers; you may
experience longer solve times and timeout errors, especially for evaluations with net metering, resilience,
and/or 3+ technologies. For additional information, including suggestions on how to mitigate these
issues, please read our full announcement.

Fig. 1. REopt Web Tool Interface
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° Then, from the blue menu bar that pops up, there is an option to Login/Register
among other things.

REopt: Renewable Energy Integration & Optimization (o)
+NREL

-
Home About v PR Projects  Publications ontact Us

Transforming ENERGY

4

Help Manual | AP | ¢ iser Forum | Log In/Register @

Attention! The REopt Web Tool and API are now using open-source optimization solvers; you may
experience longer solve times and timeout errors, especially for evaluations with net metering, resilience,
and/or 3+ technologies. For additional information, including suggestions on how to mitigate these
issues, please read our full announcement

Fig. 2. Log in / Register option

° After using the above option, the tool provides the user with the choice of logging in
either via Google or Facebook account. It is optional but very valuable, because users can
access past evaluations, and also custom load profiles that have been uploaded, and any
custom utility rates that’s been modeled in REopt can be claimed (see Fig. 3.).

REopt: Renewable Energy Integration & Optimization nea NRE L Fig. 3. Saved eva/uations/Load

Lo

Tansoming ENERGY profiles/Custom Rates

e To start the techno-

User Forum | ifasym21 @gmail com  Log Ot @

economic analysis, there are a

Attention! The REopt Web Tool and API are now using open-source optimization solvers; you may
experience longer solve times and timeout errors, especially for evaluations with net metering, resilience, feW ste ps that users have to
and/or 3+ technologies. For additional information, including suggestions on how to mitigate these

issues, please read our full announcement

consider.

Step 1: Selecting Single Site or Portfolio analysis

It allows users to choose either one site evaluation with REopt or a screening across multiple
facilities. This option helps facilitate analysis across a number of buildings all at once and
reduces the amount of time required for users that may not feel comfortable with their
programming skills.

Step 1: Select Single Site or Portfolio Analysis e

Single Site @ (O Portfolio Analysis Bl B

Step 2: Choosing energy goals

In this section, REopt allows users to select the goals during the analysis period. There are 3
kinds of energy goals: cost savings, resilience, and clean energy. Since REopt is always a cost
savings or cost optimization tool, the option of cost savings cannot be unselected.
Nevertheless, each user can choose optionally to toggle clean energy goals and/or resilience
goals.
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Cost Savings $ () Resilience © (D clean Energy @

Fig. 4. Cost savings-based analysis

Cost Savings $ 23 Resilience © (O clean Energy @

Fig. 5. Cost savings and resilience-based analysis

Step 3: Determine technologies

REopt provides some technologies that can be chosen for analysis by the user. These
technologies are constituted by: Photovoltaics (PV), Battery, Grid, Wind, CHP, Prime and
emergency Generators, Chilled Water Storage and Geothermal Heat Pump.

The images below show the technologies that are going to be chosen for optimization. The
first example is composed of the default selected technologies from REopt and it is a PV-
Battery-Grid connected system (Fig. 6).

The second example shows the same system but with the addition of a CHP unit from a user
(Fig. 7). It is also notable that, when a user toggles the CHP technology an expansion pops up
(red arrows) and requires two fields to be filled. As shown from the first arrow, the user selects
whether the boiler generates hot water or steam in the drop-down menu. As for the second
arrow, it shows the CHP technologies that the user can evaluate and need to be selected
(either one or both).

PV % Battery &= Grid ¥ Oery (O wind

Generator

D CHP et Prime ’ D Chilled Water * D Geothermal ':5:'

Generator Storage Heat Pump

Fig. 6. PV, Battery, Grid are selected for the optimization

PV ¢ Battery & Grid ¥ ' [yt (O wind

Generator
Chilled Water Geothermal zay
CHP e ¥ D Storage * D Heat Pump %

Existing boller type and assumed CHP thermal production type 0«

Hot water

CHP technologies to evaluate 0«
Hot Water Absorption
O soage 8 | 1 O criter 8

Fig. 7. PV, Battery, Grid, CHP selected for the analysis

Step 4: Entering Site Data
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By scrolling down further, each user shall see a section entering more specific data about the
site which is about to be analyzed. The first parameter is the site and utility partition. Toggling
the small cross on the right, will cause a new drop-down menu to show and users shall enter
not only their evaluation name to distinguish various sites and scenarios (optional input) but
also the site’s location and electricity rate (mandatory input).

Step 4: Enter Your Site Data

Q Site and Utility (required)

alll Load Profiles  (required)

$ Financial
O Renewable Energy & Emissions
# PV

Battery

Fig. 8. Site Data options

Q Site and Utility (requireq)

* Required field

Evaluation name @

®
g

* Site location @

* Electricity rate @
) Use custom electricity rate @

Advanced Inputs < Reset to default values

Fig. 9. Evaluation name, Site and Utility section

Nation Energy Renewable Laboratory (NREL) maintains a utility rate database that
summarizes a lot of utility rates available across the USA. It is not a 100% coverage of utility
and utility rates and also not always a perfect representation of a given one , but it is a great
starting point and also gives users the capability of inserting a custom electricity rate .This can
be either a blended energy charge (total costs divided by total consumption) or if someone
knows the split between the energy charges and demand charges (charges that apply to the
peak demand within a month whereas energy charges are applied on the dollar per kilowatt
hour basis). If these costs vary monthly, then monthly option can be toggled and users can
enter inputs for each month, both energy and demand charges. There is also an option for
detailed utility rate modeling, providing that users have logged in. This is an advanced
capability that requires an in-depth understanding of how utility rates work. Utility Rate
DataBase (URDB) label provides a rate that isn’t available in the dropdown list for our selected
location and corresponds to an unlisted rate. This label can be found in the URL for the URDB
rate on the open El website. Lastly, if the electricity rate varies on an hourly basis (and cannot
be modeled using the “Detailed” custom rate option) the user can upload a custom file with
time-varying energy rates.
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Q Site and Utility (qured) o

* Required field

Evaluation name ©
* Site location @ @ Use sample site

* Electricity rate @

- Use custom electricity rate 2]

® Annual O Monthly O Detailed O URDB Label O Hourly Upload
Energy Cost (S/kWh) Demand Cost ($/kW/month)

q 3 Advanced inputs £ Reset to default values

Fig. 10. Custom electricity rate

The inputs required for the analysis have asterisks beside them. All the other inputs have
default values that users can choose to override if desired but are not essential for the
optimization to start.

Location
Site name @
PV & wind space available ~ ® Land only O Roofspace only © Land & roofspace
Land available for PV & Wind (acres) @ mited

Electrical @
Net metering system size limit (kW) @

Technologies that can net meter @ PV
Wind
CHP

Wholesale rate ($/kWh) @

) Wholesale rate varies with time? @
Solver settings
Solver optimality tolerance (%) @

Solver Name @ HIGHS »

Optimization timeout (seconds) @

Fig. 11. Additional optional inputs

Furthermore, we have the required input of load profiles. There are a couple of different
options in this section. The user can simulate a building using DOE (Department of Energy)
commercial reference building profiles. These are simulated representative load profiles for
commercial reference buildings developed by DOE. It accounts for the climate zone of the
building and the building type but doesn’t cover all of them. Each user can choose one that best
represents the usage patterns at the preferred site.

ailll Load Profiles  (required) (-]

* Required fieid

* Typical electrical load @
How would you like to enter the typical energy load profile?

- | Simulate Ca S

* Type of building @

Annual energy consumption (kWh) @

I Chart efectric load data

Electrical load adjustment @

Adjust electricity consumption @

Fig. 12. Commercial reference buildings
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After selecting a building type, the user shall see the annual energy consumption for that DOE
for commercial reference building. Alternatively, if annual or monthly consumption data is
available for the site, it can be entered into the cell. That would scale the shape of the
commercial reference building to the magnitude of the actual site. The image below shows an
example used as a reference for building a hospital and the estimated annual energy
consumption of it (Fig. 8.2). The electrical load adjustment is if a user is interested in planning
energy efficiency measures, for instance, and doesn’t know exactly what impact they’ll have.
Then he could scale that load profile up or down.

Typical electrical load @
- m E 3

B - 1ype of buiking ©

‘ Annual energy consumption swh) © [ ]

S . -

Electrical load adjustment @

Adjust electricity consumption ©

Fig. 13. Estimated annual energy consumption for specific building type

It is also notable, the simulate campus option. If a user wants to modelling energy
consumption at a campus that has multiple buildings or there is a multifunction building type
(for instance: apartment upstairs and a restaurant downstairs), different types of buildings
can be selected from the list and also the percentage of total energy consumption that is
contributed by each one of them.

Typical electrical load @

How would you ike to e

# m 3

Total Energy Consumption (kWh) @

s Building Type @ idToN'El-n.y

=

Fig. 14. Simulate Campus option

Additionally, there is the financial assumption section. It contains the analysis period (in
years), which by default is set to 25 years. Also, the host discount rate is presented, which is
the site’s discount rate, and its default value comes from NREL’s annual technology baseline.
Communities might use a lower value, but it varies, so each user can update that based on his
organization. Electricity cost escalation rate is a projection of how much electricity costs might
change year over year. By toggling the advanced inputs, each user should see two options that
are not required for the analysis. The host effective tax rate is the percentage of income that
goes to tax for the host. O&M cost escalation rate is the nominal expected annual rate of
inflation over the financial life of the system.

[12]
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Analysis period (years) ©
Host discount rate, nominal (%) @
Electricity cost escalation rate, nominal (%) ©

Use third-party ownership model @
WP © e puts  Reset o defautt values
8 Show fewar inputs

Host effective tax rate (%) ©

O&M cost escalation rate (%) @

Fig. 15. Financial section

Moving forward, there is a renewable energy and emissions section accounting (clean energy
accounting). The climate (CO,. or CO;) emissions rates of grid electricity assumed in the
analysis. If “Hourly” is selected, the analysis will use hourly CO. emissions data from NREL's
Cambium database for grid-sourced electricity. This feature (Cambium) contains hourly
emission metrics for a suite of forward-looking scenarios of the U.S. electricity sector, covering
the contiguous United States through 2050. Users may modify the inputs on the hourly tab to
tailor the Cambium emissions data used. If “Annual” is selected, a single annual grid emission
factor (lbs/kWh), can be entered. These factors will be applied to grid-sourced electricity in
each hour of the year. If “Upload” is selected, the user can upload one year of custom hourly
CO,. emissions factors.

Defaults: If the site location is within the contiguous United States, the default factors will be
hourly long run marginal emissions rates from this feature (Cambium) for the state
corresponding to the location. Default grid emission factors are inclusive of transmission and
distribution losses. If the site location is outside the United States, any of the grid emission
factor input options can be used. However, if no emission factor selection is made, there is no
default value and emissions impact from the electricity grid will be assumed to be zero.
Only one active tab (Hourly, Annual, or Upload) for specifying the emission factor will be
applied to optimization. Emissions factors are not required for input.

Electric Grid Climate Emissions Factors @
X Hourly & Annus 2 U
Inputs to generate levelized climate emissions factors from Cambium data
Geographic resolution @ Nations
Metric ©@ LRMER CO2e Combined
Grid scenario © Mid-case
Use emissions averaged over the analysis period? @
Emissions year(s) ©

Include distribution losses? @

Fig. 16. Electric Grid Climate Emissions Factors

i Geographic resolution (NREL, 2025): Geographic unit at which grid emissions are
determined. Based on the site location entered under "Site and Utility," the
corresponding location will automatically be selected, at the geographic resolution
selected here.
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. Nation: Entire contiguous U.S.

. GEA Regions: These regions refer to the Grid Economic and Environmental
Attributes (GEA) regions, which are geographic areas defined by the National
Renewable Energy Laboratory (NREL) for the purpose of energy system modeling and
analysis. These regions are used to aggregate and simplify regional energy data, such
as grid emissions profiles, energy costs, and environmental attributes, to provide
geographically relevant information for users in different parts of the country. By
dividing the U.S. into different GEA regions, the tool can offer more accurate
assessments for various geographic areas without requiring hyper-local data for every
scenario.

o States: States within the contiguous U.S.

Note: Users can modify inputs to generate hourly levelized grid climate emissions factors from
NREL’s Cambium data sets, for locations in the USA.

ii. Metric: Emissions metric for grid-purchased electricity and explanation

AER vs. SRMER vs. LRMER: Their usage is to describe different levels of
geographic or temporal resolution when evaluating emissions factors for electricity

generation

o AER: Represents the average carbon emissions per unit of electricity
consumed over a given period (usually a year) across an entire grid or region.
It gives a broad view of the emissions intensity by averaging out both low- and
high-emission sources of electricity generation.

o Use case: AER is often used when high temporal precision is not needed or
when considering long-term energy planning.

o Limitations: Since it averages emissions over time, it doesn't capture the
variations in grid emissions that occur throughout the day or in specific short
timeframes (e.g., peak vs. off-peak hours).

o SRMER: Refers to the emissions produced by the last or "marginal" unit of

electricity generation needed to meet demand in the short term. This is the
most immediately responsive power source when demand changes, and it
tends to be more carbon-intensive (e.g., natural gas or coal plants) compared
to baseload or renewable sources.

o Use case: SRMER is important for short-term decisions, such as when
evaluating the emissions impact of adding or reducing load on the grid at a
specific moment (e.g., charging a battery or using electricity during a peak

hour).

o Advantage: Provides a more precise understanding of the marginal
environmental impact of electricity consumption at specific times.

o Limitations: It can fluctuate widely over short periods, making it less stable

for long-term planning or average assessments.
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LRMER: LRMER reflects the emissions associated with meeting additional
demand over a longer period, considering future changes in the energy mix.
This could include planned renewable energy projects or the retirement of
fossil fuel plants.

Use case: It is used for long-term planning and forecasting, especially when
evaluating how new energy technologies will affect grid emissions over time.
It's relevant when planning large-scale renewable energy adoption or
electrification projects that will influence grid demand over many years.
Advantages: It accounts for future shifts in the energy mix, providing a more
forward-looking estimate of emissions impacts compared to AER or SRMER.
Limitations: LRMER involves assumptions about future grid conditions, so it
may be less precise for short-term decisions.

COZeI

CO2: carbon dioxide

COg¢: CO; equivalent. Combined impact of CO2, CHs, and N20 using 100-year
global warming potential (GWP). This is very important for engineering
groups.

Combustion vs. Combined:

e Combustion: Emissions from direct combustion.

e Combined: Precombustion (removing CO2 from fossil fuels before
combustion is completed) includes fuel extraction, processing, and
transport and also the combustion emissions.

AER Generation vs. AER Load:

e Generation: Focuses on the emissions associated with producing
electricity. It gives an overall picture of the emissions intensity of the
power grid’s electricity generation. It is useful for understanding the
emissions profile of power plants and overall generation.

e Load: Focuses on the emissions associated with consuming electricity. It
reflects the emissions impact of the electricity that is actually used by
consumers. It is important for understanding the emissions impact from
the perspective of electricity consumers, which can vary based on grid
emissions at different times.

Note: Users can select from the metric dropdown menu the category that suits their needs
for the analysis as explained above.

Grid scenario: Future scenarios used to estimate out-year emissions.

IRA: The Inflation Reduction Act (/RA) represents a significant piece of legislation

aimed

at addressing climate change, reducing greenhouse gas emissions, and

promoting clean energy. It includes a range of provisions related to energy, taxes, and
environmental policy.
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PTC: Production Tax Credit (PTC) provides tax credits for the production of renewable
energy from sources like wind, geothermal, and biomass. It offers a per-kilowatt-hour
tax credit for energy produced.
ITC: Investment Tax Credit (/TC) offers tax credits for investments in renewable energy
projects, such as solar photovoltaic systems. It provides a percentage of the
investment cost as a tax credit.

e Mid-case (without tax credit phaseout): expected value for inputs such as technology

costs, fuel prices, and demand growth. No nascent technologies. IRA’s PTC and ITC are
assumed to not phase out.

e Mid-case (with tax credit phaseout): the same set of base assumptions as the first
scenario, but where IRA’s PTC and ITC start phasing out in 2038.

e Low Renewable Energy and Battery Costs (without tax credit phaseout): same set of

base assumptions as the first scenario, but where renewable energy and battery costs
are assumed to be lower. IRA’s PTC and ITC are assumed to not phase out.
e Low Renewable Energy and Battery Costs (with tax credit phaseout): the same set of

base assumptions as the first scenario, but where renewable energy and battery costs
are assumed to be lower. IRA’s PTC and ITC start phasing out in 2033.
e High Renewable Energy and Battery Costs (phaseout threshold not reached): the same

set of base assumptions as the first scenario, but where renewable energy and battery
costs are assumed to be high. The emission threshold specified in IRA is not reached
in this scenario, and consequentially, the PTC and ITC do not phase out, and there is
no corresponding scenario with a phaseout.

e Electrification (phaseout threshold not reached): the same set of base assumptions as

the first scenario, but where demand growth is assumed to average 1.99% from 2022
through 2050, representing higher rates of electrification than the base assumption.
The emission threshold specified in IRA is not reached in this scenario, and
consequentially, the PTC and ITC do not phase out, and there is no corresponding
scenario with a phaseout.

e Low Natural Gas Price (phaseout threshold not reached): the same set of base

assumptions as the first scenario, but where natural gas prices are assumed to be
lower. The emission threshold specified in IRA is not reached in this scenario, and
consequentially, the PTC and ITC do not phase out, and there is no corresponding
scenario with a phaseout.

e High Natural Gas Price (without tax credit phaseout): the same set of base

assumptions as the first scenario, but where natural gas prices are assumed to be high.
IRA’s PTC and ITC are assumed to not phase out.
e Mid-case with 95% Decarbonization by 2050 (without tax credit phaseout): the same

set of base assumptions as the first scenario, but nascent technologies are included
and there is a national electricity sector decarbonization constraint that linearly
declines to 5% of 2005 emissions on net by 2050. IRA’s PTC and ITC are assumed to
not phase out.

e Mid-case with 100% Decarbonization by 2035 (without tax credit phaseout): the same

set of base assumptions as the first scenario, but nascent technologies are included
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and there is a national electricity sector decarbonization constraint that linearly
declines to zero on net by 2035. IRA’s PTC and ITC are assumed to not phase out.

Note: Each user can select- from grid scenario dropdown menu — one of the ten scenarios that
project the possible evolution of the electricity sector through 2050.

iv. Use emissions averaged over the analysis period? Whether to account for the
projected evolution of the grid or utilize a single year’s emissions factors.

Yes: Utilize grid emissions factors that are averaged over the analysis period
in order to capture the emissions impact of the identified technologies
throughout the planning horizon. (Note: The analysis period can be modified
under the “Financial” section.

No (use a single year's emissions): Assume that grid emissions factors for a
chosen year remain the same throughout the analysis period. Users can
specify this year by entering a specific “Emissions year” between 2024 and
2050.

Note: By default, REopt will utilize grid emissions factors that are averaged over the analysis
period in order to capture the emissions impact of the suggested technologies throughout the
planning horizon. The analysis period can be modified under the “Financial” accordion. If a
user selects No (use a single year's emissions), the reported emissions metrics will assume
that emissions throughout the analysis period are the same as the chosen year. Users can
specify this year below by entering a specific “Emissions year” between 2024 and 2050.

V. Emissions year(s): The year(s) of the climate emissions data used to calculate the
emissions impact of the suggested technologies. Depends on input “Use emissions
averaged over the analysis period”.

o If “Yes” is selected for “Use emissions averaged over the analysis period?”, then this
input field will not be modifiable, and will display the range of years used to calculate
the average hourly emissions profile (starting in current year and extending for the
analysis period.

e If “No (use a single year's emissions)” is selected for “Use emissions averaged over
the analysis period”, then this field will be modifiable, and users can enter a year
between 2024 and 2050. In this case, REopt's calculated emissions impacts will
assume that each year of the analysis period has the electric grid climate emissions
factors of the year entered here.

vi. Include distribution losses? Whether distribution losses are included in the calculated
emissions factors.

Busbar: A busbar is a metallic strip or conductor used to collect and distribute
electrical power in a power system. It serves as a central point where multiple
electrical circuits are connected and where electrical current is routed. The main
purpose of a busbar is to facilitate the distribution of electricity from a single source
to various loads or circuits. It helps in managing and directing electrical flow within
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electrical panels, substations, or distribution boards. Emissions rates do not include
distribution losses.

End-use: End-use refers to the point at which energy or resources are utilized by the
final consumer for specific purposes. This is the ultimate consumption of energy or
materials, as opposed to their generation or transmission. End-use includes all
activities and appliances that consume energy or resources, such as heating, cooling,
lighting, transportation, and industrial processes. This concludes emissions rates at
the point of consumption, including distribution losses and will be higher than busbar
emissions rates.

Note: Based on the above analysis, users can choose from the menu whether they want to
use end-use emissions (Yes) or busbar emissions (No)

Moreover, there is an electric grid health emissions factors section. Electric Grid Health
Emissions Factors include various elements that impact the efficiency and environmental
performance of the power grid. By focusing on factors such as generation mix, transmission
losses, grid reliability, and energy efficiency, stakeholders can work towards reducing
emissions and improving the overall health of the electric grid. Implementing strategies to
enhance renewable energy integration, modernize infrastructure, and manage demand can
significantly contribute to a cleaner and more efficient power system. The health-related
(NOx, SO2, PM2.5) emissions rates of grid electricity assumed in the analysis.

If “Hourly” is selected, hourly marginal emission data for NOx, SO2, and PM2.5, which is
acquired from US EPA AVERT for the US region selected, will be applied to each hour of grid-
sourced electricity. If “Annual” is selected, single annual grid emission factors for NOx, SO2,
and PM2.5, in lbs/kWh, can be entered. These factors will be applied to grid-sourced electricity
in each hour of the year. If “Upload” is selected, the user can upload one year of custom hourly
emissions factors.

For site locations in the United States, if no emission factor selection is made, default health
emission factors will be used. If the site location is within the continental United States, the
default factors used will be hourly marginal emissions from the US EPA AVERT for the region
corresponding to the location, which is listed below the dropdown menu box. If the site is in
Hawaii or Alaska, the default annual emissions factors used in the evaluation come from the
EPA eGrid database and will be listed on the “Annual” tab. Default grid emission factors are
inclusive of transmission and distribution losses.

If the site location is outside the United States, any of the grid emission factor input options
can be used. However, if no emission factor selection is made, there is no default value and
emissions impact from the electricity grid will be assumed to be zero.

Only one active tab (Hourly, Annual, or Upload) for specifying the emission factor will be
applied to optimization. Emissions factors are not required for input.

Inputs to generate levelized health emissions factors from data
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e EPA's AVERT Region: For site locations in the contiguous United States, the
default grid emissions factors for NOx, PM2.5, and SO2 are for the US EPA AVERT
region corresponding to the site location, which is listed below the dropdown
menu box. A different region than the default can be selected. For sites in Hawaii
and Alaska, use the "Annual" tab. Emission factors for grid electricity are inclusive
of transmission and distribution losses. Emission factors are not required for
input.

e Projected annual percent decrease in grid health emissions factors (%/year):
Year over year, a percentage decrease in the total annual emissions rate of the
grid for health-related emissions. A positive value indicates an annual decrease,
and a negative value indicates an annual increase. The default value is calculated
based on the national average rate of decrease of long-run marginal CO2e
emissions, as reported by Cambium for the Mid-Case Scenario.

Proceeding further, we have the technology models that are chosen for the analysis. For solar
we have the default system capital cost based on the US national average from NREL’s annual
technology baseline. If there is an existing PV system on site, the user can enter that
information on the appropriate cell. By toggling the advanced inputs, a new menu pops up.

# PV (-]

System capital cost ($/kW-DC) @

‘ Existing PV system?

Minimum new PV size (kW-DC) @
Maximum new PV size (kW-DC) @
‘ £ Advanced inputs C Reset to default values

Fig. 17. PV system general information

As mentioned before, this section contains advanced inputs for users to enter, if necessary
(such as Operation and Maintenance costs, which direction the PV system is facing etc.), but
in this example, we’ll use the default values that REopt already has.

PV Costs
O&M cost ($/kW-DC per year) @

PV System Characteristics
Module type @ Standard v

Array type © Ground Mount, Fixed v
Array azimuth (deg) @
Array tilt (deg) @
DC to AC size ratio @
System losses (%) @
PV generation profile @ Emoyn apxeiov :Az—:v ETUAEXBNKE KaVvEVa apyeio.

PV Station Search Radius (mi) @

Fig. 18. PV costs and system characteristics
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PV Incentives and Tax Treatment

Capital Cost or System Size Based Incentives @

Maximum dollar amount for Maximum dolfar amount for
percentageof cost (¥) @ percentage of cost(5) @ (6/W) © © @
Foderal wited remse
State
Uity
Production Based Incentives @
Production incentive (S/kWh)
[ ys) © ° ©
Toul
Tax Treatment
MACRS schedule @ 5yean

MACRS bonus depreciation @ 0%

Fig. 19. PV incentives and tax treatment

The same pattern goes for the battery properties that the system will contain. With that being
said, we have general information first and then more advanced inputs for the user if desired.

Energy capacity cost ($/kWh) @
Power capacity cost ($/kW) @
Allow grid to charge battery @ Yes v
Minimum energy capacity (kWh) © (

Maximum energy capacity (kWh) @ Unlimitec

- Advanced inputs Z Reset to default values

Fig. 20. General information for battery capacity

Battery Costs
Energy capacity replacement cost ($/kWh) @

Energy capacity replacement year ©
Power capacity replacement cost (S/kW) @
Power capacity replacement year ©

Battery Characteristics
Minimum power capacity (kW) @

Maximum power capacity (kW) @
Rectifier efficiency (%) ©
Round trip efficiency (%) ©
Inverter efficiency (%) ©

Total AC-AC round trip efficiency @  89.9%
Minimum state of charge (%) ©

Initial state of charge (%) @

Fig. 21. Battery costs and characteristics
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Battery Incentives and Tax Treatment

Capital Cost Based Incentives

Total percentage-based incentive (%) @

Total power capacity rebate ($/kW) @
Tax Treatment

MACRS schedule @

MACRS bonus depreciation @

Fig. 22. Battery incentives and tax treatment

To sum up, the inputs that are going to be modified for the analysis to start are the site
location, the electricity utility rate, and the building type. Despite everything that's presented,
these three inputs are the necessary ones for optimization. So, the site location we are
selecting is Denver, Colorado, US, electricity rate is the Intermountain Rural Elec Assn -
Commercial Demand Metered Time of Use (B-TOU) and the type of building is Office-
Medium. Also, our energy goals will focus on cost-savings and clean energy.

1.3. Results

In this final chapter, the user shall see a step-by-step guide of the inputs that are necessary
for the analysis to begin. With the form of some precise examples, this will be more intuitive
(NREL, 2025).

e PV-Battery system inputs

As mentioned before, each user shall toggle the highlighted parts as shown in the figure below
for this specific system. (blue checkboxes)

e

sSingle Site l D Portfolio/Sensitivity Analysis @ B
3 Cost Savings $ (O] Resilience © 3 Clean Energy @
Brve Battery Bcrid¥y O wind + OcHP
O Generster ¥ OSenee " #  Oistrime @ O lexrumo o

Next, the user can optionally name the evaluation (for example Denver, USA) and type the
first mandatory selection referring to the site location. In this section we type Denver, and
from the dropdown menu that pops up, we pick Denver, Colorado, USA.
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Step 4. Enter Your Site Data

Q Site (required) (-]
* Required field

Evaluation name @ [ Denverusa ]

* sitelocation @ | Nrévpep, Kohopavro, Hvuwpeve Mokeies ] @ usesamplesie

PV & wind space available  ® Land only ©Roofspace only © Land & roofspace

Land available for PV & Wind (acres) @ L

€ Advanced Inputs  Reset to default values

Proceeding further, when user types a location, some electricity rates will load automatically,
and this will be the second mandatory selection. From the drop-down menu, we can pick a
rate for this location. In this example, we ‘ve picked the first that pops up.

w Utilities (required)

* Required field

Electricity Rate

* Electricity rate @ Intermountain Rural Elec Assn: Commercial Deme ]

Fiate Detats

) Use custom electricity rate @

Compensation for Exported Electricity @
Compensation type @

After electricity rate selection, there is the final mandatory pick so that the optimization can
start and contains the type of building. From the list that pops up and for this particular

example, we picked Office-Medium.
* Required field

« Typical electrical load @
How would you like to enter the typical energy load profile?

# Simulate Building | Simulate Campus 2 Upload

* Type of bullding © [ Office - Medium “] oo

Bulldng Details

® Annual O Monthly

Annual energy consumption (kWh) @

& Download electric load profile it Chart electric load data

These three inputs are the necessary ones for optimization to begin. As mentioned before,
based on data each user has, some sections and advanced inputs can be modified. The techno-

economic analysis can start by toggling Get Results.

$ Financial

O Clean Energy Accounting

@ Clean Energy Goals

# PV

& Battery

£ Reset to default values

‘ Get Results ©
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Typically, it can take a few minutes to solve depending on the complexity of the optimization
process. When the loading time of the optimization is done, the user shall look at the types of
results that REopt outputs.

Yy
This may take a few
= =
{g Your recommended solar ® nmended battery power @
installation size
battery capacity

By toggling Download PDF, each user can have the evaluation report summary as pdf file.

Firstly, the results show that PV and battery are cost effective. For this site, approximately 93
kW of PVs and 28 kW of battery is needed (the capacity is 44kWh based on the respective
voltage).

@ Your potential life cycle savings (25 years)

This is the net present value of the savings (or costs if negative) realized by the project based on the difference
between the total lfe cycle costs of doing business as usual compared to the optimal case.

In this system, REopt has identified the opportunity of providing 14,053 S in net present value
or life cycle cost savings. This is the present value of the net savings after accounting for things
like capital costs, incentives, O&M costs, and bill savings.

By scrolling down, the user shall see the system performance in the example year. Zooming
out (as pointed by the red arrow), provides also the chance to see how PV and battery are
supporting the load.

la System Performance Year One (-]

This interactive graph shows the dispatch strategy optimized by REopt for typical operation of the recommended system for every hour of the year. Graphs
showing the optimized dispatch strategy during specified outages can be found in the Resilience vs. Financial tab below. To zoom in on a date range, click

and drag right in the chart area or use the "Zoom In a Week" button. To zoom out, click and drag left or use the "Zoom Out a Week” button

— Total Electric Load
PV Curtalled Generation

Grid Serving Load
--- Battery State of Charge

Moving forward into results, there is also data that shows the annual production of electricity
for each technology and where the electricity goes. By toggling the cross for each technology
this data pops up.
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Annual Electricity Production Breakdowr
This data shows the annual production of electricity for each technology and the breakdown of where the electricity goes. For PV and Wind, this is the
average annual production which includes the year-over-year degradation included in the mode!.
PV (+]
Battery (4]

Download Annual Electricity Production Breakdown

jction Breakdow
This data shows the annual production of electricity for each technology and the breakdown of where the electricity goes For PV and Wind. this is the

average annual production which includes the year-over-year degradation included in the model

Average Annual Dispatch Results

PV Serving Load (kWh) 133433
PV Charging Battery (kWh) 1965
PV Exported to Grid (kWh) 0
PV Curtailment (kWh) 5851
PV Total Electricity Produced (kWh) 141,249
Battery (-]

Average Annual Dispatch Results

Battery Serving Load (kWh) 2254

Additionally, the user should see the net load duration graph. The Net Load Duration graph
represents the potential reduction in utility electric load in every hour of the year that the
recommended technologies would provide, if implemented. It is also notable that the hourly
dispatch and all annual energy production data can be downloaded.

Net Load Duration e

This interactive graph shows the reduction in peak load that occurs when the REopt are To zoom in on a date

range, click and drag right in the chart area. To zoom out, click and drag left or use the "Reset zoom" button.

400 kw

300 kW

Net Site Load (kW)

4k sk 6k 7% @ Business as usual
Hours (cumulative) ® Optimized case

Download Load Duration Spreadsheet

& Download All Dispatch Data - # & Download All Annual Energy Production Breakdown Data

The Results Comparison section below shows how doing business as usual compares to the
optimal case. In the first column user can see the business-as-usual case, the financial outputs
in column two and then the savings in column tree.

Moving forward, users can see the system sizing, how much energy the PV system is
generating, the annual renewable energy percentage that this PV system is contributing to
the electric load and emissions impacts. There is also a breakdown of energy and demand
charge savings, and the user can see the year one costs in the business-as-usual case, the same
costs in the optimized scenario and then savings which are presented by negative values.
Similarly, we also have the life cycle cost breakdown which contains capital costs after
incentives, O&M costs, and total utility costs. Finally, there are some summary financial
metrics including capital costs before incentives, year one O&M costs, total life cycle costs,
net present value, simple payback period, internal rate of return and the PV levelized cost of
energy.
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BB Results Comparison @
Results Comparison
These results show how doing business as usual compares to the optimal case.

Business As Usual

Financial ©@ Difference ©
System Size
PV Size @ 0 kw 93 kW 93 kW
Battery Power @ 0 kW 28 kW 28 kW
Battery Capacity @ 0 kWh 44 kWh 44 kWh

Energy Production and Fuel Use
Average Annual PV Energy Production @ 0 kWh 141,249 kWh 141,249 kWh
Average Annual Energy Supplied from Grid @ 884,726 kWh 749,569 kWh -135,157 kWh
Renewable Energy Metrics
Annual Renewable Electricity (% of electricity consumption) @ 0% 15% 15%
Climate Emissions
Avoided COze Emissions throughout Analysis Period @ N/A 388 tonnes 388 tonnes

Health Emissions

ided NO, Emissi ysis Period © N/A 1.08 tonnes 1.08 tonnes
Avoided SO; Emissions throughout Analysis Period @ N/A 0.71 tonnes 0.71 tonnes
Avoided PM; 5 Emissi h h lysis Period @ N/A 0.04 tonnes 0.04 tonnes

Fig. 22. System sizing, energy production, renewable energy metrics, climate and health emissions results

Year 1 Utility Electricity Cost — Before Tax

Utility Export Benefit @ sSo S0 E{e]
Utility Energy Cost @ $56,295 $47,695 -$8,600
Utility Demand Cost @ $39,370 $33,508 -$5,862
Utility Fixed Cost @ $480 $480 S0
Utility Minimum Cost Adder @ S0 $o $0
Total Year 1 Utility Cost - Before Tax @ $96,145 $81,683 -$14,462
Life Cycle Cost Breakdown
Technology Capital Costs + Repl , After Ir i (2] $o $123,263 $123,263
O&M Costs @ $o $19,721 $19,721
Total Utility Electricity Cost @ $1,044,020 $886,982 -8167,087
Cost of Climate Emissions throughout Analysis Period (If Included in So so sSo
Objective) @
Cost of Health Emissions throughout Analysis Period (If Included in S0 $o $o
Objective) @
Summary Financial Metrics
Total Upfront Capital Cost Before Incentives @ N/A $211,239 $211,239
Year 1 O&M Cost, Before Tax @ S0 $1,667 $1,667
Total Life Cycle Costs @ $1,044,020 $1,029,967 -$14,053
Net Present Value @ S0 $14,053 $14,053
Payback Period @ N/A 12.02 yrs 12.02 yrs
Internal Rate of Return @ N/A 7.0% 7.0%
PV Levelized Cost of Energy @ N/A $0.060/kWh $0.060/kWh

Fig. 23. Year 1 energy cost before tax, life cycle cost breakdown, financial metrics

Additionally, there are also results that show emissions outcomes in a little bit more detail
than in the summary table.
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& Renewable Energy & Emissions Metrics

Renewable Energy & Emissions Metrics

These results show emissions outcomes for the business as usual and optimized cases. If marginal grid emissions rates are utilized (the default inputs),

users should focus on avoided emissions, rather than emissions totals. Note for all emissions outputs, “t” (as in, “t COze") represents metric tons (tonnes).

Business As Usual

Renewable Energy
Annual Renewable Electricity (% of electricity consumption) @ 0%
Climate & Health Emissions Costs

Cost of Cl issi th h Analysis Period @ $146,778

Cost of Health Emissi h h Analysis Period @ $83,207

Climate Emissions, COze

Average Annual Emissions (1 COze) 149

A ge A | Emissi from Grid Purchases (t COze) 149

A ge A | Emissi from Onsite Fuel Burn (1 COze) 0

Total issi gl Analysis Period (t COze) 3,718

from Grid Purch through Analysis Period (t COze) 3,718

Emissions from Onsite Fuel Burn throughout Analysis Period (t COze) 0
P duction in CO2 Emissi from BAU (%) N/A

Breakeven Cost of CO,e Emissions Reduction ($/t COze) @ N/A

Fig. 24. Climate emissions costs

Health Emissions, NO,

A ge A | Emissions (t NO,) 028

A ge A | Emissi from Grid Purch (tNO,) 0.28

A ge A IE 1s from Onsite Fuel Burn (t NO,) 0.00

Total Emissions throughout Analysis Period (t NO,) 7.01

Emissions from Grid Purchases throughout Analysis Period (t NO,) 7.01

Emissions from Onsite Fuel Burn throughout Analysis Period (t NO,) 0.00
Health Emissions, SO,

B ge A | Ej (tS0z) 0.18

A ge A | Emissi from Grid Purchases (t SO,) 0.18

A ge A | Emi from Onsite Fuel Burn (t SO,) 0.00

Total Emissi through Analysis Period (t SO;) 4.55

Emissions from Grid Purch through Analysis Period (t SO3) 4.55

Emissions from Onsite Fuel Burn throughout Analysis Period (t SO,) 0.00

Health Emissions, PM; 5

Average Annual E (tPM_.5) 0.01

Average Annual Emissions from Grid Purchases (t PM, 5) 0.01

A ge A | Ei from Onsite Fuel Burn (t PM; 5) 0.00

Total Emissi hroughout Analysis Period (t PM; s) 0.25

E from Grid Purch throughout Analysis Period (t PM2 5) 0.25
Emissions from Onsite Fuel Burn throughout Analysis Period (t PM__s) 0.00

Fig. 25. Health emissions
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Financial @

15%

$131,471

$70,420

133

133

0

3,330

3,330

0

10.43%

N/A
0.24
0.24
0.00
5.93
593
0.00
0.15
0.15
0.00
3.84
3.84
0.00
0.01
0.01
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e PV-Battery-CHP system inputs

As mentioned before, each user can toggle the highlighted parts -as shown in the image
below- for this specific system. (blue checkboxes)

Step 1: Select Use Case o
Single Site @ (O Portfolio/Sensitivity Analysis B B
Step 2: Choose Your Energy Goals
Cost Savings $ ([ Resilience © Clean Energy @
Step 3: Select Technologies to Evaluate
PV & Battery Grid ¥ (O wind CHP s
m Chilled Water Geothermal gaw Air-Source ~
(5 e o F O iivim, @ Heat Pump (sete) B

Existing boiler type and assumed CHP thermal production type @

Hot water v

CHP technologies to evaluate @

Hot Water Absorption
Storage 8 Chiller ¢

On this second example, the optimization will focus on a PV-Battery-Grid system as the
previous example but with the addition of a CHP unit. As for energy goals, cost savings and
electricity from renewable resources (clean energy) are the main ones.

Step 4: Enter Your Site Data
Q Site (required) (-]
* Required field
Evaluation name @ [ San Francisco I
* Site location @ [ San Francisco, CA, USA I @ Use sample site
PV & wind space available ® Land only O Roofspace only O Land & roofspace
Land available for PV & Wind (acres) @ [ 1000000.0 ]
‘ Advanced inputs 2 Reset to default values
Solver settings
Solver optimality tolerance (%) @ 0.1
Solver name @ HIGHS ~
‘ Optimization timeout ( ds) @ [ 1200 ] default = 600

So, again as the previous example we named the new evaluation (San Francisco) changed the
location to San Francisco, USA and set a land for PV and Wind of 1,000,000 acres (1562.5
miles). In this particular site, due to its large size, we came across some problems with the
solver and optimization of loading time. Therefore, there was a change in the optimization
timeout section and instead of 600 seconds (default) we made it 1200 seconds. This can be
found in the Advanced inputs below Land available for PV and Wind cell.
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As for the utilities section, we have picked an electricity rate form the dropdown menu: Pacific
Gas & Electric Co - E-20 Maximum demand of (1000 KW or more) (Secondary) and set the
other two required inputs from this section which are the annual existing heating system fuel
cost and the annual CHP fuel cost.

9 Utilities (required) (-]

* Required field
Electricity Rate
* Electricity rate © [-"u ific Gas & Blectric Ca E-20 Maximum demand ]
Use custom electricity rate @
Compensation for Exported Electricity @
type @ N for exports v
Fuel Costs
Existing heating system fuel type © natural gas v
Heating system fuel cost varies by month?
* Annual existing heating system fuel cost ($/MMBtu) © [wu ]
CHP fuel cost varies by month?
* Annual CHP fuel cost (S/MMBt) @ ['nn ]
8 Advanced inputs T Reset 10 defauk values

In the load profile section, as type of building we picked hospital from the list, for the
simulation of typical heating system fuel load a hospital is selected again and at last for the
cooling plant load we picked a hotel large simulation.

Jill Load Profiles  (required) e

* Required field
« Typical electrical load @
How would you like to enter the typical energy load profile?
# Simulate Building I Simulate Campus 2. Upload
* Type of building @ [ Hospital v] Reimmtes E1oem
Building Detalls
® Annual Monthly
Annual energy consumption (kWh) @
& Download electric load profile & Chart electric load data

Jlll Load Profiles  (required) ~

* Required field

+ Typical electrical load @
How would you like to enter the typical energy load profile?

# Simulate Building I Simulate Campus X Upload
* Type of building @ Hospital v

Building Details

® Annual © Monthly

Annual energy consumption (kWh) @

& Download electric load profile I& Chart electric load data
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« Typical heating system fuel load @

How would you like to enter the typical thermal load profile?
& Simulat : X Skniate Car Yy

Separately input space heating and domestic hot water loads @

- * Type of building @ [ Hospital V]

® Annual © Monthly

Annual heating system fuel consumption (MMBtu) @

Addressable load percent (%) @

& Download heating system fuel load profile 18 Chart heating system fus

« Typical cooling plant load
How would you like to enter the typical chiller thermal load profile?

# Simulat m Simulate Ca E 4 ! Ve

- * Type of building @ [ Hotel - Large v]

Enter custom annual or monthly thermal energy amounts @

& Download cooling plant load profile & Chart cooling plant load data

Electric cooling plant coeff. of performance (kWt/kWe) @

Max. chiller thermal capacity as factor of peak cooling load @

« Typical cooling plant load
How would you like to enter the typical chiller thermal load profile?

A Simulate I Simulate Campus 2 Upload /& Custom

* Type of building @ Hotel - Large v

Building Details

] Enter custom annual or monthly thermal energy amounts @

& Download cooling plant load profile & Chart cooling plant load data

Electric cooling plant coeff. of performance (kWt/kWe) @

Max. chiller thermal capacity as factor of peak cooling load @

These were the necessary inputs for this system optimization to start. If some information or
any other metrics are needed for the site, the user can modify the cells REopt provides.
Toggling Get Results and waiting a couple of minutes will result in the illustration of a
recommended site.
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Your °
recommended

solar installation
size

3,004 kW

PV size

Measured in kilowats (kW) of direct current
(DC).this recommended size minmizes the life
cycle cost of energy at your site

This optimized size may not be commercially
avallable. The user Is responsible for finding a

commercial product that is closest in size to

this optimized

tools, Syntrilalas llias

Your ©

recommended
battery power
and capacity

775 4,769
kW kWh

battery battery

power capacity
This system size minimizes the life cycie cost
of energy at your site. The battery power (kW-

AC) and capacity (kWh) are optimized for

economic performance.

This optimized size may ot be commerclally

Your ©
recommended

CHP electric
capacity

509 kW

CHP reciprocating
engine size

Measured in kilowatts (kW) of altemating
current (AC), this
the life cycle cost of en

mmended size minimizes

at your site.

This optimized size may not be commercially

available. The user is responsible for finding a

commercial product that
this optimized size.

available. The user is responsible for finding a

commercial product that s closest in size fa

Your recommended Hot Water ~ @ h Your recommended Absorption
TES Tank Size Chiller cooling thermal capacity

65,340 gal

Hot Water TES tank size

92 ton-cooling

Absorption chiller size

ninimize life cycle

in ton-cooling, this is the recommended size to m

Measured in gallons, this is the recommended size to minimize life cycle ¢

of energy at your site. iergy at your site

This optimized size may not be commercially available, The user is responsible This optimized size may not be commercially available. The user is responsible

uct that is closest in size to this optimized size.

s optimized size. foe i

for finding a comm oduct that is closest in size

Fig. 26. Summary of the recommended technologies for optimization of the selected site

]

$10,356,549

m Your potential life cycle savings (25 years

This is the net present value of the savings (or costs if negative) realized by the project based on the difference
between the total life cycle costs of doing business as usual compared to the optimal case.

This Interactive graph shows the dispatch strategy optimized by REopt for typical operation of the recommended system for every hour of the year. Graphs
showing the optimized dispatch strategy during specified outages can be found in the Resilience vs. Financial tab below. To 200m in on a date range, click
and drag right in the chart area o use the "Zoom In a Week" button. To zoom out, click and drag left or use the ‘Zoom Out a Week” button,

4000 kW

*  — Totl Blectric Load
0% F - BAU Hearic Load

PV Curtailed Generation
® PV Charging Battery
® CHP Charging Battery
@ Grid Charging Battery
@ Battery Serving Load
@ PV Serving Load

CHP Serving Load

Grid Serving Load

- Battery State of Charge

Downioad Sys. Pert patch Spreadsheet

Zoom Out a Week | Zoom In a Wesk

{eating Thern
This interactive graph shows the thermal dispatch strategy optimized by REopt. To zoom in on a date range, click and drag right in the chart area. To zoom
out, click and drag left or use the “Reset zoom" button.

pperee o 100%
Vi '.‘ Reset zoom
s 2w
§ )
s =
' g
=
o H
i — Total Heating Load
0.8 v - - BAU Heating Load

® CHP Charging Hot Water TES
Hot Water TES Serving Load
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Heating System Serving Load
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Download Heating Thermal Dispatch Spreadsheet

Zoom Out a We

Zoom Ina Week
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Cooling Thermal Dispatch e

This interactive graph shows the cooling thermal dispatch strategy optimized by REopt. To zoom in on a date range, click and drag right in the chart area. To
2zoom out, click and drag left or use the *Reset 2oom” button.

500 tons
400 tons.

300 toms

harmal Powar (tans)

200 tons

ooling T

100 tons

0 tons. — Total Cooling Load
\jn 1200 2jun 1200 e 1200  4jun 1200  Sjm 1200  Sjun 1200 7.jun @ Abs. Chiller Serving Load
5 @ Elec. Chiller Serving Load
Zoom Out 3 Week | Zoom in a Week Download Cooling Thermal Dispatch Spreadsheet

Net Load Duration e

This interactive graph shows the reduction in peak load that occurs when the REopt are To zoom in on a date
range, click and drag right in the chart area. To zoom out, click and drag left or use the "Reset zoom" button.

1500 kW

1250 kW
1000 KW
750 kW
500 W
250 kW
0w

0 Ix 2 £ a* sk Y ™ s ® Business as usual

Hours (cumulative) ® Optimized case

Net Site Load GW)

Download Load Duration Spreadsheet

BB Results Comparison (-]

Results Comparison

These results show how doing business as usual compares to the optimal case.

Business As Usual

Financial @ Difference @
System Size

PV Size @ 0kw 3,004 kW 3,004 kW
Battery Power @ 0kw 775kW 775 kW
Battery Capacity @ 0kwh 4,769 kWh 4,769 KWh
CHP Size @ N/A 509 kW 509 kW
Hot Water Storage Tank Size @ N/A 65,340 gal 65,340 gal
Absorption Chiller Size @ N/A 92 ton 92 ton

Energy Production and Fuel Use
Average Annual PV Energy Production @ 0 kwWh 4,493,589 kWh 4,493,589 kWh
CHP Electric Production @ N/A 3,062,782 kWh 3,062,782 kWh
CHP Thermal Production @ N/A 13,465 MMBtu 13,465 MMBtu
CHP Fuel Used © N/A 30,292 MMBtu 30,292 MMBtu
Electric Chiller Cooling Production @ 1,482,734 ton-hr 1,242,198 ton-hr -240,536 ton-hr
Electric Chiller Electric Consumption @ 1,111,845 kWh 931,476 kWh -180,368 kWh
Absorption Chiller Cooling Production @ N/A 240,536 ton-hr 240,536 ton-hr
Absorption Chiller Thermal Used @ N/A 4,589 MMBtu 4,589 MMBtu
Absorption Chiller Electricity Used @ N/A 59,995 kWh 59,995 kWh
Average Annual Energy Supplied from Grid @ 7,752,817 kWh 496,784 kWh -7,256,033 kWh
Heating System Thermal Production @ 9,794 MMBtu 951 MMBtu -8,843 MMBtu
Heating System Fuel Used @ 12,242 MMBtu 1,189 MMBtu -11,053 MMBtu

Fig. 27. System sizing, energy production and fuel use
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Renewable Energy Metrics

Annual Renewable Electricity (% of electricity consumption) @ 0% 53% 53%
Annual Renewable Energy (% of electric + heat consumption) @ 0% 34% 34%
CHP Total Efficiency (% HHV-basis) @ N/A 78% 78%

CHP Electric Efficiency (% HHV-basis) @ N/A 34% 34%

CHP Thermal Utilization (% of max) @ N/A 100% 100%

CHP Electric Capacity Factor @ N/A 69% 69%

Climate Emissions
Avoided COe Emissions throughout Analysis Period @ N/A -17,701 tonnes -17,701 tonnes

Health Emissions

ided NOy Emissions throughout Analysis Period @ N/A -2.85 tonnes -2.85 tonnes
Avoided SO, Emissions throughout Analysis Period @ N/A 2.53 tonnes 2.53 tonnes
Avoided PM; 5 Emissi througt Analysis Period @ N/A 1.24 tonnes 1.24 tonnes

Fig. 28. Renewable energy metrics, climate and health emissions results

Year 1 Utility Electricity Cost — Before Tax

Utility Export Benefit @ $0 S0 S0

Utility Energy Cost @ $1,139,797 §71.969 $1.067,828

Utility Demand Cost @ $960,053 $192335 $767.718

Utility Fixed Cost @ $41,015 $41015 S0

Utility Minimum Cost Adder @ S0 $0 $0

CHP Standby Charges © N/A $0 S0

Total Year 1 Utility Cost - Before Tax @ $2,140865 $305319 $1,835,546

Year 1 Utllity Fuel Cost ~ Before Tax
Heating System Fuel Cost © $122423 $11,889 -$110,534
CHP Fuel Cost @ N/A $302917 $302917

Life Cycle Utility Fuel Cost — After Tax
Heating System Fuel Cost @ $1,301,768 $126,420 $1,175,347
CHP Fuel Cost @ N/A $3221,022 $3221,022

Life Cycle Cost Breakdown

gy Capital Costs + After 2] $0 $6,109.456 $6,109,456
0&M Costs © $0 $1,420222 $1,420222
CHP Standby Charges @ $0 $0 $0
Total Utility Electricity Cost @ $232473M $3.315.409 $19,931,902
Non-Outage Fuel Costs © $1,301,768 $2.045675
Cost of Climate Emissions throughout Analysis Period (If Included in $0 $0 $0
Objective) ©
Cost of Health Emissions throughout Analysis Period (If Included in $0 $o $0
Objective) ©
Summary Financial Metrics
Total Upfront Capital Cost Before Incentives @ N/A $10,066.924 $10,066,924
Year 1 0&M Cost, Before Tax © $0 $120,082 $120,082
Total Life Cycle Costs © $24,549,079 $14,192,530 -§10,356,549
Net Present Value @ S0 §10,356, $10.356,549
Payback Period @ 424y1s
Internal Rate of Return @ N/A 20.0% 200
PV Levelized Cost of Energy @ N/A $0.062/kWh $0.062/kWh

Fig. 29. Year 1 energy and fuel cost before tax, life cycle cost breakdown, financial metrics

1.4. Comparison

What we wanted to succeed in during this techno-economic analysis was an estimation of a
cost optimal system that minimizes the life cycle cost of energy in our site. Based on the
technologies we picked for the evaluation (PV-Battery in example 1 and PV-Battery-CHP in
example 2) and reviewing some results we got, we see that these technologies are cost
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effective. Another asset that should be addressed is the net present value. It is a financial
metric used to evaluate the profitability of an investment by comparing the present value of
its expected cash inflows to the present value of its cash outflows. In our first site (PV-Battery
based), net present value is +14,053$ (savings), so our project has the potential of being
financially attractive. As for our second (PV-Battery-CHP with hot and chilled water storage
tanks), the net present value stands at +10,356,549S, which makes it again profitable.
Proceeding a bit further, we can see the results comparison between business-as-usual cases
and the optimal one. As shown in Fig. 22. -in example one- there is a 141,249-kWh average
annual PV energy production compared to business as usual which is OkWh. This has an
important footprint in the average supplied energy from grid (749,569 kWh than 884,726
when in business as usual) and also a 15% of electricity consumption comes from renewable
sources rather than what he had before (0%). Furthermore, an optimal case scenario provides
less climate emissions by avoiding 388 tons of carbon dioxide and various greenhouse gases.
Additionally, as we can see in the year 1 utility electricity cost (Fig. 23) evaluation, the optimal
system has an 81,683$ cost rather than 96,145$ that we have in business-as-usual cases.
There is a difference of 14,4625 which makes the optimal system more cost effective. As for
the second example, there is 4,493,589 kWh average annual PV energy production compared
to business-as-usual cases (Fig. 27). Additionally, with a big amount of energy coming from PV
and a smaller from CHP unit (3,062,782 kWh), grid supplies 496,784 kWh electricity than
7,752,817 kWh that provided under normal circumstances. Furthermore, due to the CHP
utilization (absorption and electric chiller combined), the expected energy produced by the
existing boiler will be 951 MMBtu compared to 9,794 MMBtu. The portion of total electricity
consumption that is derived from on-site renewable resource generation in a single year is
53%. In the optimal case scenario, there are also 17,701 tons less emissions containing carbon
dioxide and greenhouse gases (Fig. 28). Moreover, year 1 total utility cost is 2,140,865$ in
business-as-usual case than 305,319 S in the optimal case scenario.

As we continue to review the results in the table, we see the total utility electricity cost. On
the first example, in business-as-usual case it is 1,044,020 $ and in optimal scenario-with the
addition of technologies capital costs and O&M costs- is 886,982S. That provides us with a
difference of 157,037S that we could save during the life cycle. Last but not least, here is a
summary of year 1 costs and the comparison of both scenarios gives a 14.053$ savings that
we can get, following our estimated cost optimal system. Also, the estimated payback period
of the investment is 12 years followed by a 7% internal rate of return. On the second example,
when reviewing the same metrics as the first, we have 23,247,311 S life cycle cost of all utility
electricity costs in business-as-usual case and a 3,315,409 $ for the optimal case (Fig. 29). Even
though there is total upfront capital cost of the new technologies for the estimated optimal
system (10,066,924 S) before incentives and O&M cost (1,420,222 S) than the business as
usual case, the present value of costs-after taxes and incentives associated with the project-
will approximately be 24,549,079 $ (business as usual) and $14,192,530 S (optimal case). This
provides us with a net present value of making the project financially attractive. Lastly, the
estimated payback period of the investment will be 4.24 years with an internal rate of return
standing at 20%.
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Table 1. Optimal systems summary

Category San Francisco Denver Unit
Technologies

Photovoltaics (PV) 3,004 93 kw DC
Battery 775 28 kW AC
Battery Capacity 4,769 44 kWh
CHP 509 - kW AC
Hot Water Storage 65,340 - gallons
Absorption Chiller 92 - tons
Economic results

Year 1 Cost 305,319 81,683 S
Total 25-year Cost 14,192,530 1,029,967 | $
Payback period 4.24 12.02 years
Net savings 10,356,549 14,053 S
Energy Production

PV Generation 4,493,589 141,249 kWh
Grid Energy Usage 496,784 749,569 kWh
Environmental Benefits

CO, Emissions Reduction 17,701 388 tons
NOy Emissions Reduction 2.85 1.08 tons
S0, Emissions Reduction 2.53 0.71 tons

In the table above, we summarize the most important factors for the systems that have been
optimized. Comparing the two systems, users can come to some additional conclusions. The
system in San Francisco is designed for a larger scale, with significantly higher PV capacity
(3,004 kW compared to 93 kW in Denver). The large size reflects higher energy demands and
ambitious targets serving as a result of large-scale facilities (e.g. hospitals). In Denver, we
have a smaller system in scale that is most suitable for medium-sized buildings (e.g. office
spaces). As for the economic metrics, in San Francisco’s site there is a higher initial cost
(14,192,530 over 25 years), but it delivers significantly greater savings(10,356,549S).Also,
due to high energy efficiency and savings from CHP and energy storage utilization there is a
short payback period (4.24 years).On the other hand, the site in Denver has lower initial cost
(1,029,967S over 25 years), but also lower savings (14,053S$).Additionally , there is a longer
payback period (12.02 years) as a result of the smaller scale and fewer available
technologies. Energy wise, in San Francisco the exceptionally high PV production (4,493,589
kWh/year), significantly reducing reliance on the grid. Also, the battery system (4,769 kWh)
and CHP maximize energy utilization. As for the site in Denver, much lower PV production
(141,249 kWh/year), resulting in greater reliance on the grid. Moreover, the smaller battery
capacity (44kWh) limits efficiency and energy autonomy. Finally, for the environmental
benefits, in San Francisco there Is a significant reduction of CO; emissions (17,701 tons in 25
years), as well as NOx and SO,. Due to multiple technologies and large scale, we have an
impressive impact on clean energy. In Denver, there is a smaller reduction in CO; (388 tons),
reflecting limited use of renewable energy sources. That is why this system is suitable for a
smaller environmental impact without a significant infrastructure upgrade.

Caution: This model provides an estimate of the techno-economic feasibility of solar, wind,
battery, and/or CHP, so investment decisions should not be made on REopt results alone.
These results assume perfect prediction of solar irradiance, wind speed, and electrical and
thermal loads. In practice, actual savings may be lower based on the ability to accurately
predict solar irradiance, wind speed, and load, and the control strategies used in the system.
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CHAPTER 2: Overview and implementation of the nPRO software

2.1. Introduction

NPro is an advanced software tool meant to design and plan buildings and district heating
networks (nPro Energy, 2025). It provides features like demand simulation, district heating
network design, renewable energy integration, and system optimization using Al. Each user
can generate load profiles, design complex energy systems, optimize costs, and compare
scenarios. The tool is intuitive, collaborative and validated with real-world data, targeting
engineers, utilities, and consultants.

Additionally, it is a modular, flexible tool that simplifies and accelerates the manual planning
process of quarters. NPro has been developed especially for the early planning phase, when
only a little information about district and energy systems is available. The form of this chapter
is to provide manual instructions on the user in order to understand the basic features the
nPRO computational tool. It is suggested in a later stage (e.g. in the form of a new thesis) to
provide examples that will be based on realistic scenarios and comparable to each other.

2.2. Key features

*e

* Demand profiles
o Automatically generate hourly energy demand profiles for heating, cooling,
and electricity using an extensive database.
o Supports diverse building types, including residential and commercial setups.
» District heating and cooling systems
o Simulates traditional and 5th-generation district heating and cooling (5GDHC)
systems.
o Optimizes network parameters like temperature profiles and pipe dimensions
for cost and energy efficiency.
* Technology integration
o Models' renewable energy sources, hydrogen technologies, heat pumps,
energy storage systems and other technologies.
o Supports simulation of energy hubs and microgrids.

*e

e

* Optimization engine
o ldentifies the most economical system configurations and sizes of
components for optimal performance.
o Provides sensitivity analysis for CO, pricing impacts.
< Collaborative and Intuitive
o Cloud-based collaboration tools allow teams to share and update project data
seamlessly.
o Designed for ease of use without requiring extensive prior training.

L)

*

*» Demand profiles
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For the planning of districts, the correct estimation of demand profiles is crucial. This helps
identify peak demands, assess system capacity needs, optimize cost and energy efficiency,
which is critical for designing sustainable energy solutions like district heating or renewable
integration.

Depending on the planned energy system, different demand or load profiles are important for
district planning (nPro Energy, 2025). These include:

Heating demand

o Space heating: It represents the largest energy demand in the district. The total

demand depends -to a large extent - on the insulation standard of the buildings and
is characterized by strong seasonality. The energy required to provide space heat is
directly dependent on the weather. In years with severe, cold winters, heating
demands are higher than in years with mild winters. To determine an average annual
heating demand, measured consumption data can be subjected to a weather
adjustment, which is usually based on day degree figures.

Domestic hot water: The heat demand for domestic hot water preparation does not
directly depend on weather conditions. Therefore, for demand calculations, it is often
assumed that the demand for domestic hot water remains constant throughout the
year and between different ones. However, analysis shows that the demand for
domestic hot water varies seasonally and is slightly higher in winter than in summer.
Due to the demand for domestic hot water, districts have a constant demand for heat
throughout the year. This is of great importance for district energy systems. On the
one hand, it must be considered that with a central heat supply (with district heating)
the relative heat losses in summer can be very high. On the other hand, waste heat
from cooling demands in summer can be used to cover domestic hot water demands.
This is particularly promising for 5GDHC networks, as low-cost air conditioning (space
cooling) can be provided at low cost.

Process heat: In addition to space heat and domestic hot water, process heat is a
demand type relevant for specific building types including industrial and commercial
buildings. The temperature requirement ranges from 30 - 300 °C. Typical examples
are bakeries, which require up to 50% of their heat for baking processes. But
laundries, restaurants or hospitals also have a relevant share of process heat. A large
proportion of these additional heat demands results in increased electricity demands
for the building. In the nPro tool, process heat requirements that are covered
electrically are added to the electricity requirement, since these do not have to be
provided via a heating network.

Cooling demand

o

Space cooling: In commercial buildings, such as office buildings, the installation of
systems for air conditioning has become more and more standard. Especially for
businesses with customer contact, air conditioning is a key factor in increasing
customer satisfaction. Banks, hotels or shopping centers, for example, must have air
conditioning. Shopping centers in particular have high internal loads, which leads to
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considerable cooling loads in summer but also in the transitional period. In the
residential sector, on the other hand, air conditioning is still rarely encountered, and
when that happens, it is often implemented via decentralized mono-split units. With
increasingly frequent and more pronounced periods of heat, as well as an increased
need for appealing living comfort, the demand for air conditioning solutions is
becoming more and more important. Large glass facades in new buildings also
increase the heat loads in the summer. With the move away from fossil heat
generators (gas or oil boilers) to low-temperature solutions, especially heat pumps,
there are new synergy effects for the provision of heating and cooling in the
residential sector.

Cooling technologies: Refrigeration technology can be electrically or thermally driven.
For small refrigeration applications, electrically driven units are more common. In
industrial applications with high thermal capacities, thermally driven chillers are also
used. In these systems, for example, heat from combined heat and power units (CHP)
is converted into cooling in absorption chillers, allowing efficient use of CHP heat even
in summer operations.

° Compression chiller: The electrical supply is compression chillers (also called
split and multi-split units). This technology uses a refrigeration cycle to extract heat
from a system, primarily for air conditioning or industrial cooling applications. It
operates by compressing refrigerant gas, which absorbs heat from the environment

when evaporated and releases it when condensed. Compression chillers are energy-
efficient, scalable, and commonly used in large commercial or industrial setups. They
come in various types, including air-cooled and water-cooled systems, depending on
the application and available resources.

° Absorption chiller: Thermally driven refrigeration technology involves
absorption of chillers. It uses a heat source (like natural gas, solar thermal energy, or
waste heat) instead of electricity to drive the refrigeration cycle. Heat energy drives

the refrigerant from a solution, and the refrigerant evaporation removes heat from
the desired space or process. Absorption chillers are particularly suited for energy-
efficient applications where waste heat or renewable energy is available, such as in
combined heat and power (CHP) systems.

o Process cooling: Process cooling includes cooling demands such as server cooling,
food refrigeration, or cooling demands in industrial processes. As a result of increasing
digitization, commercial buildings are increasingly being provided with dedicated
areas for IT infrastructure. In new office buildings in particular, there are server rooms
in which large cooling loads occur in a small area. These cooling loads must be
dissipated via refrigeration technology, whereby waste heat from IT infrastructure can
also be reused to cover heat demands of the same building, for example. A very
efficient approach is, for example, centrally installed heat pumps, which can provide
heating and cooling for a building at the same time. In this way, they can generate
space heat as well as server cooling.

Electricity demand

[37]



Design and optimization of hybrid energy systems using open-source computational
tools, Syntrilalas llias

The estimation of electricity demands is a prerequisite for holistic, energy-efficient planning
of districts. Electricity demands primarily include plug loads and charging power of e-mobility.

o Plug loads: Plug loads are the electric load consumed by household appliances for
general use or lighting. Household appliances in residential buildings include, for
example, computers, stovetops, washing machines, televisions, and refrigerators. The
consumption profile and total annual consumption are largely determined by the user
behavior of the building's occupants. The electricity demand used for lighting is
subject to seasonal fluctuations: In winter, this is greater than in summer due to the
shorter days. The control of the building lighting (manual, central, presence-
dependent by means of motion sensors) also has an influence on annual
consumption. Standby losses account for a significant portion of the total electricity
demand.

o E-mobility: The expected increase in electric cars in the future will lead to an increased
demand for electricity in both residential and commercial districts. Electric storage
concepts and smart charging management are needed to ensure that electricity
generation from renewable energies and the demand for the charging infrastructure
for e-mobility occur at the same time. Only in this way can decentral generated
electricity from photovoltaic or wind power plants be used directly on site without
putting too much strain on the distribution grid infrastructure. Smart load
management can use demand-side management to reduce charging power at times
of low renewable electricity production or, conversely, increase charging power at
times of high renewable electricity production and exploit the battery capacities of
electric vehicles to smooth out demand peaks. Here, the load profiles that need to be
considered for neighborhood planning vary greatly depending on the building type. In
residential neighborhoods, the peak load is expected to occur primarily in the late
afternoon and evening hours when residents return from work. Unless smart charging
management is installed, the electric vehicle is charged immediately upon arrival and,
depending on the maximum charging power, the charging power drops in the
subsequent hours through the night. In the case of office buildings, substantially
differentload profiles are expected. Here, the highest charging power occurs primarily
in the morning after the employees arrive. In commercial buildings, load management
is more complex, since the charging management system does not know when the
employee will leave work again and therefore charges the vehicle with the maximum
possible power.

¢ District energy systems

To decarbonize districts, district energy systems are a proven approach to exploit synergies
between different energy sectors (electricity, heating, cooling and mobility) and achieve a
sustainable, zero-emission energy supply.

Unlike decentralized energy systems for buildings, district energy buildings are networked
with each other and can thus exchange energy. This includes electricity as well as the heating
and cooling sectors. By connecting buildings, synergies can be exploited in terms of energy
storage, load shifting, and balancing of heating and cooling loads. Furthermore, setting up a
centralized heating and cooling supply instead of many decentralized producers can be more
cost-effective.
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e Microgrid

A common element in districts is microgrids (A. Cagnano, E. De Tuglie & P.Mancarella, 2020).
These are electricity grids that are not part of the public electricity grid and that the district
operator can use to exchange electricity between buildings and energy hubs. The advantage
of microgrids is that their operation is subject to fewer regulations than the public power grid.
For example, there are fewer or no grid fees if a building with a photovoltaic system supplies
electricity to another building. A microgrid thus enables the interconnection of regenerative
generators such as photovoltaics or wind energy, with electrical storage (district battery) and
consumers.

e District heating and cooling

District heating or district cooling networks can be constructed to thermally connect buildings
for a central heating and cooling supply. These networks enhance energy efficiency, reduce
carbon emissions, and provide cost-effective solutions for residential, commercial, and
industrial applications.

A third network type are 5GDHC networks, which can provide both heat and cold to buildings
and additionally shift surplus waste heat from one building with high cooling demands to
another building with high heating demands. 5GDHC networks are therefore particularly
suitable for districts with miscellaneous consumer structure (districts with different types of
buildings).

e Hydrogen

Hydrogen technologies can also be an interesting addition for districts. The use of hydrogen
enables the long-term storage of surplus electricity (for example from photovoltaic or wind
power plants). Here, an electrolyzer converts electricity into hydrogen, which can then either
be stored or fed into the natural gas grid. Stored hydrogen can be converted back into heat
and electricity in a fuel cell or in a suitable combined heat and power (CHP) unit. The waste
heat from the conversion of hydrogen into electricity in a fuel cell or a CHP unit can then be
distributed to buildings with district heating networks.

» Microgrid system analysis

i. Key components of a microgrid

e Distributed Energy Resources (DERs)

o Renewable energy sources: Solar PV, wind turbines, hydro, biomass
o Non-renewable sources: Diesel generators, microturbines, fuel cells
e Energy Storage Systems (ESS)

o Batteries (Lithium-ion, Lead-acid, Flow batteries)

o Supercapacitors and flywheels
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o Thermal Energy Storage (TES)

e Loads

o Critical loads (hospitals, emergency services)

o Non-critical loads (residential, commercial, industrial)

e Power Conversion Systems

o Inverters, converters, transformers for AC/DC power management
e Microgrid Control & Management System

o Supervisory Control and Data Acquisition (SCADA)

o Energy Management System (EMS) for load balancing

o Protection and fault detection mechanisms

ii. Operating Modes of a microgrid

e Grid-Connected Mode

o Microgrid operates with the main grid

o Imports or exports power as needed

o Provides ancillary services like frequency regulation

¢ Islanded Mode (Off-Grid Operation)

o Operates independently when disconnected from the main grid
o Relies on local generation and storage

o Requires advanced control for voltage and frequency stability

Microgrid Control Strategies
e Centralized Control — Single controller manages power flow
e Decentralized Control — Distributed control using local decision-making
e Hierarchical Control

Primary Control — Manages voltage/frequency stability

Secondary Control — Restores system parameters
Tertiary Control — Optimizes energy dispatch
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iii. Benefits and challenges of microgrid systems

Aspect
Energy reliability

Advantages

Provides backup power during
grid failures and enhances
resilience

Disadvantages

Requires advanced control for stable
operation in islanded mode

Sustainability

Reduces carbon footprint by
integrating renewable energy
sources

Renewable sources like solar/wind are
intermittent and need storage

Cost Efficiency

Lowers electricity costs
through local generation and
demand-side management

High initial investment in
infrastructure, storage, and control
systems

Grid Independence

Can operate autonomously in

Regulatory  barriers and  grid

frequency stability

remote or disaster-prone | interconnection challenges
areas

Power Quality Advanced control systems | Variability in renewable energy
improve voltage and | sources can cause power fluctuations

Scalability

Can be expanded based on
energy demand and available
resources

planning and
match load

Requires  careful
integration to
requirements

Energy Management

Al-based forecasting and load
balancing optimize

Complex control algorithms require
skilled personnel and cybersecurity

measures

performance

» Heating and cooling networks

District heating networks consist of a supply and return pipe, which are usually installed in
the ground and transport hot water from a heating center (energy hub) to buildings (nPro
Energy, 2025). In heat exchangers, hot water is used to provide space heating or domestic hot
water. The water is cooled down in heat exchangers and flows back to the energy hub, where
it is heated again. District cooling networks operate in a similar way: Cold water (usually
below 10 °C) is transported in a supply pipe to the buildings and used for air conditioning or
process cooling. The slightly heated water then flows back to a cooling center or energy hub,
where it is again cooled down to the supply temperature. In the energy hub, the water is
cooled down by compression chillers or absorption chillers.

Heating networks are often subdivided into different generations: The first heating networks
were steam networks (1% generation), which transported hot steam in pipes from an energy
hub to the buildings. Nowadays, this type of heat network is not installed anymore, because
high heat losses occur in the pipe network due to the high steam temperatures. However, this
type of heating network is still in operation in some cities, such as New York City. During the
20th century, more and more heating networks with pressurized water at temperatures of
around 100 °C (3™ generation) have been installed. These networks are still in operation today
and in some cases are still being constructed. A modern generation of heat networks are 4"
generation district heating networks (low-temperature district heating). These operate at
lower temperatures of around 70 °C. Lowering the flow temperature enables new heat
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sources, such as solar thermal, to be integrated and reduces distribution losses. The latest
developments are so-called 5*" generation district heating and cooling networks (5GDHC),
which are also known as anergy networks. They do not have a defined flow and return pipe
but consist only of a warm and cold pipe. The advantage of these heating networks is that
they can provide both heat and cold with just one network (2 pipes). Furthermore, they enable
the use of ambient heat, such as heat from river water, near-surface geothermal energy, or
wastewater. There are also alternative classifications of heating and cooling networks.

i.  Key components of heating and cooling networks

Component Description

Heat sources Combined Heat and Power (CHP), geothermal energy, solar thermal, biomass,
industrial waste heat

Cooling sources | Absorption chillers, electric chillers, free cooling (using ambient air or water)

Thermal Hot water tanks, phase change materials (PCM), underground thermal energy
Storage storage (UTES)

Distribution Insulated pipelines that transport hot or cold fluids to buildings

System

Control System | SCADA-based real-time monitoring, Al-based demand forecasting, and peak
load management

ii.  Benefits and challenges of microgrid systems

Aspect Advantages Disadvantages
Energy efficiency Utilizes waste heat and centralized Requires extensive
production for higher efficiency infrastructure and planning
Cost savings Reduces heating/cooling costs through High initial capital investment
economies of scale
Environmental Supports renewable integration, Biomass and CHP systems may
benefits reducing CO, emissions produce emissions if not
optimized
Reliability Provides stable heating/cooling Vulnerable to pipeline failures
independent of electric grid fluctuations  and maintenance issues
Scalability Can expand to serve new buildings and Limited application in areas
industries without centralized
infrastructure

» Hydrogen technologies

Hydrogen is emerging as a key player in clean energy transition, offering solutions for
energy storage, transportation, and industrial applications (A. Kovac, M. Paranos & D.
Marcius, 2021). As a zero-emission fuel, hydrogen can be integrated into microgrids,
district energy systems, and power generation to enhance sustainability
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Types of Hydrogen Production

Type Process Advantages Disadvantages

Green Hydrogen Electrolysis using renewable | Zero carbon emissions, | High cost, limited
energy (solar, wind, hydro) sustainable infrastructure

Blue Hydrogen Natural gas reforming with | Lower emissions than | CCS technology is still
carbon capture (CCS) grey hydrogen expensive

Grey Hydrogen
CCS)

Natural gas steam reforming (no

Low-cost production

High CO, emissions

Turquoise Hydrogen

solid carbon

Methane pyrolysis

No CO,
emerging tech

producing

emissions,

Still in
development

early

Hydrogen Applications in Energy Systems

Application
Energy Storage

Description
Hydrogen can store excess renewable energy via
electrolysis and be used later for power generation

Benefits
Long-term
energy storage,
grid balancing

Fuel Cells for Microgrids Hydrogen fuel cells provide electricity and heat for | Clean, efficient,
decentralized energy systems reliable backup
power
Hydrogen in District Heating Hydrogen can be blended with natural gas or used | Low-carbon
directly for heating networks heating
alternative

Transportation

Hydrogen fuel cells power buses, trains, trucks, and
ships

Zero emissions,
fast refueling

Industrial Use

Used in steelmaking, ammonia production, and
chemical industries

Decarbonizes
heavy industry

Benefits and Challenges of Hydrogen Technologies

Aspect
Sustainability

Positives
Green hydrogen is 100% renewable
with zero emissions

Negatives
Production costs are still
high.

Energy Storage Provides long-duration storage, | Requires large-scale
complementing renewables infrastructure
Versatility Can be used for electricity, heating, and | Hydrogen handling
transportation requires advanced safety
measures
Scalability Hydrogen technologies can be | Hydrogen transport and

expanded to various sectors

distribution
challenging

are
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2.3. First interaction with nPro

. Each user can initially access nPro software tool interface at https://app.npro.energy/en
(nPro Energy, 2025).

A Dashboard

(8 New project What is nPro?

nPro is a software tool for planning building and Version 3.0
district energy systems. With nPro you can design and = 2
simulate districts with heating and cooling networks, What is new?

renewable energies, hydrogen technologies, heat

pumps and seasonal storages.

+ Create new project

@ Get demo license

Fig. 30. nPro webtool interface

. From the menu list, there is an optional choice of creating an account. This turns out
to be very helpful in saving for various projects. Users can select whether a demo license,
academic, or commercial will be used. The demo license is free of charge but with limited
functionality and lasts three weeks before the account is deactivated. Academic is also free of
charge, tool functions to its full potential but can be used only by faculty, students or staff of
a recognized degree-granting academic institution. Lastly, commercial license is for already
purchased nPro licenses by a company/organization.

# Dashboard

[§) New project What is nPro?

nPro is a software tool for planning bullding and Version 3.0

district energy systems. With nPro you can design and
simulate districts with heating and cooling networks, What is new?
renewable energles, hydrogen technologies, heat
pumps and seasonal storages.

@ Get demo license
. To start techno-economic analysis, there are a few steps that users need to take.

STEP 1: Create new project

A Dashboard

@ New project What is nPro?

nPro is a software tool for planning building and Version 3 n
district energy systems. With nPro you can design and = .
simulate distrcts with heating and cooling networks, What is new?

renewable energies, hydrogen technologies, heat

pumps and seasonal storages.

4 Creste new project -
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By clicking create new project (red arrow above), an overview of the section is
presented. Users can then select a name for the project, the type of it, country and
city of interest, and also the energy supply solution. For those that may select a
different type of registration (e.g. demo or academic), a similar window will appear to
be used.

STEP 2: Inserting project data

Create new project

# Dashboard

(¥ New project )
Settings Weather data
Project name For each location, data of a typical weather year (test reference year) is

n customize the weather data or, alternatively, upload own
Project 1

Project type city
Gen Ber
Project template
Heating supply Cooling supply
Istrict heating network (> 60 °C) = No cooling demand

(@
& Get demo license Note: Based on the selected project template, some profect parameters (e.g., network temperature) are automatically set. All parameters can be adjusted later,

(2 Schedule call

£ Project settings & Import parameter @ Create new project

9 About nPro

Fig. 11. Project overview

4 Project type: By toggling this section, a drop-down menu pops up, which shows
whether a district, building, or an energy hub will be selected for the analysis. District will be
buildings — heat network -energy hub, the building will be just a single building with the
evaluation of some demand profiles, usage zones and energy hub and at last user can select
the energy hub module if load profiles are available.

e
A o Create new project
@ New project
Settings Weather data
Project name For each location, data of a typical weather year (test reference year) is
available. You can customize the weather data or, alternatively, upload own
Project.1 weather profiles.
Project type Country City
District : Germany % Berlin &
District
Single building

Energy hub (use own load profiles)

Heating supply Cooling supply
District heating network (> 60 °C) B No cooling demand s
& Getdemolicense Note: Based on the selected project template, some project parameters (e.g., network temp are ically set. All p can be adjusted later.

Schedule call

¥ Project settings & Import parameter [§) Create new project

ﬁ About nPro

Fig. 22. Selecting project type

4 Project template configuration: In this session, nPro gives the user the chance to
define heating and/or cooling supply preferences. A thorough analysis of the favored district
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network is followed starting with heating supply selection and then continuing to the cooling
supply (page 21).

Heating supply configuration: In the case of the district, there are a few more options that
the user can select for what kind of network will be in the analysis. Normal district heating
network (>60 °C), low-ex heat network (35-60 °C) with decentral hot water heating,5
Generation District Heating and Cooling (5GDHC) network (0-35 °C, anergy network),
decentral air-/ground source heat pumps (no heat network) and also microgrid (electricity-
based system, no heat network).

A Dashboard Create new project

[ New project
Settings Weather data

Project template

Fig. 33. Heating supply choice

+ District heating network (>60 °C): centralized system that distributes heat to
multiple buildings through a network of insulated pipes (Wirtz, 2023). These networks
typically supply hot water or steam from a central heat source to meet space heating
and domestic hot water demands.

For high-temperature district heating (above 60 °C), common temperature ranges include:

e Traditional high-temperature systems: 80-120 °C (older networks, industrial use)

e Modern systems: 70-90 °C (common for urban heating)

e Low-temperature systems: 50-70 °C (increasingly used for efficiency and
sustainability)

Heat sources for district heating (>60 °C)

i. Combined Heat and Power (CHP) Plants

ii. Fossil Fuel Boilers — Natural gas, coal, or oil-fired boilers (gradually being phased out)

iii. Waste-to-Energy Plants — Utilize municipal solid waste for heat production

iv. Industrial Waste Heat — Recovered heat from factories, steel plants, and refineries

v. Biomass and Biogas Plants — Sustainable heat generation using wood chips, pellets, or
anaerobic digestion

vi. Geothermal Energy — High-temperature geothermal sources for base-load heating

vii. Large-Scale Solar Thermal — Solar collectors supplying hot water to the network
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Key Components of a District Heating Network

i. Heat Production Plant — Central facility generating heat at >60°C
ii. Heat Exchangers — Transfer heat efficiently between the primary network and

building systems

ili. Pumping Stations — Maintain pressure and flow rate in the distribution system
iv. Supply and Return Pipes — Insulated underground pipelines distribute heat (e.g.,

supply at 80°C, return at 50°C)

V. Heat Substations — Located in buildings to regulate heat delivery via heat exchangers

Table 1. High temperature District Heating Advantages and Disadvantages

Category Advantages Disadvantages

Scalability Ideal for cities, industrial parks, and Requires extensive infrastructure
residential complexes investment

Energy Efficiency Efficient use of waste heat and CHP Higher heat loss in long-distance
(Combined Heat & Power) distribution

Integrates renewables, waste heat, and
fossil fuels

Fuel Flexibility

Transitioning  from  fossil-based

sources to green energy

Lower emissions when using low-carbon
energy sources (biomass, geothermal, etc.)

Carbon Emissions

Requires decarbonization efforts to
phase out natural gas

Centralized maintenance reduces
operational costs

Reliability & Cost

Upfront costs for infrastructure and
modernization

Ensures safe domestic hot water without
additional treatment

Legionella Prevention

Energy waste if temperatures are
unnecessarily high

Compatible with large-scale thermal energy
storage (TES)

Seasonal Heat Storage

Needs integration with modern
building heating systems

< Low-Exergy (Low-Ex) Heat Network (35-60°C) with Decentralized Hot Water
Heating: A Low-Exergy (Low-Ex) district heating network operates at 35-60°C, significantly
reducing energy losses and allowing for greater integration of renewable and waste heat
sources (nPro Energy, 2025). Unlike traditional high-temperature district heating (>80°C),
Low-Ex networks focus on using heat at the lowest possible temperature while still meeting

heating demands efficiently.

In this system, domestic hot water is generated locally (decentralized) at each building or
apartment, rather than directly supplied by the network. This approach enhances system

efficiency and minimizes heat losses in distribution.

Key Features of a Low-Ex District Heating Network

i. Low Supply Temperature (35—-60°C)
» Reduces heat loss in pipes, increasing efficiency

» Enables direct integration of low-temperature renewable heat sources

ii. Decentralized Domestic Hot Water Production

= Uses local heat exchangers or small heat pumps in each building/unit
=  Prevents Legionella risks, as water is heated on demand
*= Reduces the need for high-temperature water storage

ili. Utilization of Renewable & Waste Heat Sources
* Geothermal (low-temp reservoirs)
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= Solar thermal energy
* Industrial & data center waste heat
= Larger-scale air/water heat pumps
= Wastewater heat recovery

iv. Sector Coupling & Smart Control

= Canintegrate with electric heat pumps to boost temperatures if needed
= Enables demand-side management via smart meters and thermal storage

System Components

i. Centralized Low-Temperature Heat Source

» Geothermal, solar, waste heat, or heat pumps provide 35-60°C heat
» Large-scale heat pumps can upgrade waste heat when needed

ii. Distribution Network

=  Well-insulated supply & return pipes to minimize heat losses
» Lower temperature allows for more efficient pipe materials

ili. Building-Level Decentralized Hot Water Production

* Instantaneous Water Heaters (Heat Exchangers): Use district heat directly
» Boosting Heat Pumps: Local small heat pumps increase temperature to >60°C

if needed
iv. Smart Monitoring & Control

= Demand-responsive heating: Optimizes heat distribution
»= Heat storage tanks in buildings: Reduce peak load on the grid

Table 2. Low-Ex District Heating Advantages and Challenges

Category Advantages Disadvantages

Efficiency Lower distribution losses than high- | Some heat losses still exist,
temperature networks especially in long networks

Renewable Integration Ideal for heat pumps, geothermal, | Requires optimized system design to
solar thermal, and waste heat maximize renewable use

Legionella Risk Reduction Decentralized DHW means no | Requires local water heating

stagnant water at risky temperatures

solutions (e.g., booster heat pumps)

Cost-Effectiveness & Scalability | Easier network expansion — buildings
can gradually integrate

Initial investment in decentralized
systems for DHW

Comfort & Reliability Optimized local control ensures
sufficient heating & hot water

Decentralized DHW requires reliable
and efficient local heat exchangers

Existing Building Compatibility Works well with modern low-
temperature heating systems

Older buildings may need larger
radiators or underfloor heating for
efficiency

Heat Storage Needs Thermal energy storage (TES) helps
manage peak demand efficiently

Additional storage tanks or phase
change materials (PCM) may be
required

% 5th Generation District Heating and Cooling (5GDHC) — Anergy Networks (0—
35°C): A 5th Generation District Heating and Cooling (5GDHC) network, also known
as an anergy network, operates at ultra-low temperatures (0-35°C) (Kaori Company,
2025). It is a decentralized, bidirectional, and demand-driven system that allows both
heating and cooling within the same network. Unlike traditional district heating,
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which relies on high-temperature water, 5GDHC focuses on thermal energy exchange
rather than centralized heat supply.

Key Characteristics of 5GDHC Systems

i. Ultra-Low Temperature (0-35°C)
» Reduces heat losses to almost zero
= Suitable for direct heat exchange with the environment (groundwater, lakes,
waste heat)
ii. Bidirectional & Decentralized Heat Exchange
» Buildings can both extract and inject heat, creating a balanced energy loop
» Waste heat from cooling processes can be reused for heating
elsewhere
ili. Local Heat Pumps for Final Temperature Boost
»= Each building uses small heat pumps to raise the temperature for space
heating (e.g., 45-55°C) and domestic hot water (>60°C)
= Energy-efficient as the heat pump only needs to make a small temperature
jump
iv. Renewable & Waste Heat Integration
= Uses low-grade heat sources like:
v"  Geothermal (shallow boreholes, aquifers, lakes)
v" Industrial or data center waste heat
v' Sewage/wastewater heat recovery
v Solar thermal collectors
v. No Dedicated Supply & Return Pipes
= Unlike traditional two-pipe systems, 5GDHC often has a single loop were
energy flows in multiple directions
»= Buildings contribute excess heat to the network when cooling is needed

System Components

i. Ambient Temperature Network (0-35°C)
» Underground insulated pipes circulate water at near-environmental
temperature
»  Water can be sourced from geothermal wells, aquifers, or surface water
ii. Heat Pumps in Buildings
»  Extract heat from the network and upgrade it for space heating & DHW
* |n summer, the same system provides cooling by rejecting excess heat
ili. Thermal Energy Storage (TES)
= Seasonal storage in underground aquifers (ATES — Aquifer Thermal Energy
Storage) or borehole systems (BTES)
= Stores summer heat for winter use and backwards
iv. Smart Energy Management & Control
= Al-driven optimization of heat flows
* Demand-response integration for grid balancing
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Table 3. 5GDHC Advantages and Challenges

Category
Efficiency and Distribution
Loss Reduction

Advantages
Near-zero distribution losses as water
moves at ambient temperature.

Challenges
Requires efficient building-side
heat pumps to extract useful heat.

Simultaneous Heating &

Enables energy-efficient thermal

Balancing heat supply & demand

& smart grids.

Cooling balancing by redistributing waste heat. requires advanced system design.

Renewable Energy | 100% renewable-ready — compatible with | Availability of low-grade heat

Integration solar, geothermal, and waste heat. sources may vary by location.

Scalability and | Works well for mixed-use developments | Infrastructure investment is

Decentralization (residential, commercial, industrial). needed for bidirectional heat
exchange.

Future-Proofing Compatible with energy-positive buildings | Regulatory and technical

frameworks may need adaptation
in some regions.

Building Compatibility

Works best with low-temperature heating
(e.g., underfloor heating, fan-coils).

Existing buildings with traditional
radiators may need retrofitting.

R/

< Decentralized Air/Ground Source Heat Pumps (No Heat Network):

A decentralized heating and cooling system using air-source (ASHP) or ground-source (GSHP)
heat pumps eliminates the need for a central heating network (Wirtz, 2023). Instead, each
building or unit has its own individual heat pump, extracting renewable heat from the air or
ground. This approach is highly flexible, energy-efficient, and suitable for new developments

and retrofitted buildings.

Key Characteristics of Decentralized Heat Pump Systems

i. No Centralized Heat Network

=  Each building generates its own heating and cooling

= No need for insulated district heating pipes, reducing infrastructure costs

ii. Usage of Renewable Ambient Energy
= Air-source heat pumps (ASHPs): Extract heat from outdoor air, even in cold

climates

= Ground-source heat pumps (GSHPs): Use stable underground temperatures
via boreholes or horizontal loops

iii. All-Electric Heating

= Reduces dependence on fossil fuels
= Can be integrated with solar PV for self-sustaining energy use
iv. Works for Heating & Cooling
= Reversible heat pumps provide both heating in winter and cooling in

summer

= Passive cooling possible with GSHPs (using ground temperature directly)
V. Flexible System Design

= Single-family homes: Individual ASHP or GSHP

= Apartment buildings: Shared GSHP with multiple heat exchangers

=  Commercial/industrial buildings: Large-scale heat pumps with thermal

storage
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i.  Heat Pump Unit (Air or Ground Source)
= ASHPs: Outdoor unit absorbs heat from the air
= GSHPs: Pipes or boreholes extract heat from the ground
ii. Heat Distribution System

=  Works best with low-temperature heating:

v'Underfloor heating
v'Low-temperature radiators
v'Fan-coil units
iii. Domestic Hot Water (DHW) System
= Either integrated in the heat pump or separate electric water heater
= Hot water storage tanks may be needed
iv. Smart Energy Controls
= Sensors & weather compensation optimize efficiency
= |ntegration with solar PV & battery storage enhances self-sufficiency

Table 4. Advantages, Challenges and Considerations of Decentralized Heat Pumps

Category
Infrastructure Costs

Advantages

No heat network costs — avoids
expensive pipe installation and
maintenance.

Challenges

Higher initial investment per
building for individual heat pump
units.

Renewable
Integration

Energy

100% renewable-ready -
compatible with solar PV and
wind power.

Grid dependence increases,
requiring grid capacity upgrades.

Scalability & Flexibility

Each building can independently
optimize heating and cooling
needs.

It is not ideal for dense urban areas
where space for GSHPs is limited.

Heating &
Function

Cooling

Provides year-round comfort with
a single system.

ASHP efficiency drops in cold
weather, requiring backup heating.

Future-Proofing

Compatible with demand
response and energy storage
solutions.

GSHP requires groundwork -
boreholes or trenches need space
and investment.

X Microgrid — Electricity-Based Energy System (No Heat Network):
A microgrid is a localized, self-sufficient electricity network that can operate independently
or connect to the main grid (Wirtz, 2023). It integrates renewable energy sources, energy

storage, and smart control systems to provide reliable, resilient, and sustainable power for
buildings, campuses, or communities. Since this system is electricity-based, all heating and
cooling needs are covered using electric solutions like heat pumps, electric boilers, or

resistance heating instead of a heat network.

Key Characteristics of an Electricity-Based Microgrid

i. Local Power Generation

= Uses renewable energy sources:
v'Solar PV
v'Wind turbines
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v'Biomass generators
v'Small hydropower

Energy Storage for Stability
= Battery Storage (BESS) for load balancing and peak shaving
= Thermal Energy Storage (TES) for heating applications
= Vehicle-to-Grid (V2G) integration with EVs

Smart Grid Management & Demand Response
=  Al-driven load management to match supply & demand
=  Smart meters for real-time monitoring

Full Electrification for Heating & Cooling
= Heat pumps (air/ground/water source) replace gas boilers
= Electric boilers & infrared heating panels for direct heating
= Battery-powered or solar-assisted cooling (chillers, ACs)

Grid-Connected or Island Mode
=  Can function independently (off-grid) or connect to the main utility grid
=  Provides backup power during blackouts

System Components

I.

ii.

fii.

iv.

Local Power Generation
= Solar PV panels (rooftop & ground-mounted)
=  Wind turbines (small to medium scale)
= Biogas or biomass CHP plants for additional baseload power

Energy Storage & Load Management
= Lithium-ion batteries for short-term energy balancing
=  Flow batteries or hydrogen storage for long-term backup
= Thermal storage (hot water tanks, phase change materials)

Electric Heating & Cooling Systems
= Air & Ground Source Heat Pumps for high efficiency
= Electric boilers for peak demand periods
= Passive heating & cooling solutions to minimize demand

Smart Grid Infrastructure
=  Microgrid controller for intelligent energy management
= Demand response to optimize consumption
= Blockchain-based energy trading in decentralized grids
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Table 5. Electric-based Microgrid Advantages and Challenges

Category Advantages Challenges

Resilience & Energy | Reduces reliance on centralized utilities | Requires  backup  solutions  for

Independence and enhances energy security. prolonged outages or extreme weather
conditions.

Renewable Energy | Enables 100% green energy systems with | Intermittency of renewables requires

Integration solar, wind, and battery storage. energy storage and demand-side
management

Efficient Electrification Supports net zero heating and cooling | Peak demand periods can strain the

through electric heat pumps. local microgrid without sufficient

storage.

Lower Transmission

Losses

Local energy use reduces grid strain and
improves efficiency.

Grid interconnection can be complex
due to regulatory barriers.

Scalability & Modularity

Can expand easily with additional
storage and renewable sources.

Advanced energy management
systems are needed for optimal load
balancing.

Settings
A Dashboard

Project name

[§ New project

@ Get demo license

Schedule call

€ About nPro

£# Project settings

Create new project

Weather data

[@ Create new project

Fig. 34. Selection of cooling supply

Cooling supply configuration: If necessary, there are also options for the cooling demand
containing decentral chillers (geothermal, ambient air) or district cooling network (6/12 °C, 4-

pipe system).

X Decentralized chillers (geothermal, ambient air)

Decentralized chillers use either geothermal energy or ambient air to provide localized
cooling for buildings. They operate independently, reducing reliance on large-scale district

cooling networks.

System overview

O O O e

Geothermal chillers (Ground coupled or water-cooled)
Use stable underground temperatures for efficient cooling

Often integrated with ground-source heat pumps (GSHPs)

Can be open-loop (using groundwater) or closed-loop (circulating a heat transfer fluid

through boreholes or horizontal loops)

e Ambient air chillers (Air cooled systems)
o Extract heat from indoor spaces and reject it to the outside air
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o Include air-source chillers and hybrid chillers with evaporative cooling
o Suitable for areas with moderate to warm climates where geothermal is not viable

Preferred utilization

Geothermal chillers

O O O

Ambient air chillers
Urban areas with limited space for underground systems
Moderate climates where ambient temperatures stay stable

O O O

Large buildings, campuses, or industrial sites with available land for boreholes
Areas with high electricity costs where efficiency savings matter
Locations with seasonal cooling needs, where geothermal storage can help

Projects with budget constraints, where lower upfront cost is needed

Table 6. Strengths and Weaknesses of Decentralized Chillers

Geothermal chillers
High COP (4.0-6.0) due to
stable underground temperatures

Category
Energy Efficiency

Ambient air chillers
/. Moderate ~ COP (2.5-4.5):
efficiency drops in hot climates

Climate Dependence Works year-round without

major efficiency losses

/. Efficiency decreases in hot/humid
weather

Water Usage _-’:'-.‘_‘Can use groundwater or

closed-loop systems

No water consumption, unlike
cooling towers

underground components last 50+
years

Installation Cost > High upfront costs (drilling, Lower initial costs, but may
ground loops) require larger units
Maintenance Low maintenance: ){Higher maintenance due to

airflow and weather exposure

Scalability .L‘Best for large buildings & Easier to install in dense urban
campuses, due to the requirement areas
of available land

Grid Load Reduces peak electricity »{Higher electricity consumption in
demand via seasonal energy extreme temperatures
storage

Can be 100% renewable when
powered by green electricity

Sustainability

/. less  sustainable due to
dependence on electricity demand

/7

+¢ District cooling network (6/12 °C,4 pipe system)

A district cooling network distributes chilled water (6°C supply / 12°C return) from a
centralized plant to multiple buildings for space cooling. The 4-pipe system allows

simultaneous cooling and heating, making it ideal for mixed-use applications.

System operation

e (Central Chilled Water Production: Chillers at the district cooling plant generate 6°C

chilled water
e 4-Pipe Distribution:

o Two pipes for chilled water supply & return (6°C = 12°C)
o Two pipes for heating water supply & return (for integrated heating needs)
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e Building-Level Heat Exchangers: Transfer cooling (or heating) without mixing fluids
e Return Water Loop: Warm water (12°C) returns to the plant for re-cooling

Table 7. Advantages and Challenges of a District Cooling Network (4 pipe system)

Category Advantages Challenges

Energy Efficiency Centralized cooling is 30-50% Thermal losses in long
more efficient than standalone pipelines
chillers

Cost Savings Lower operational costs due to High initial investment in
economies of scale infrastructure

Reliability Redundant cooling sources Requires backup systems for
improve system resilience peak loads

Sustainability Can integrate waste heat, Dependent on power grid
renewables, or thermal unless renewables are used
storage

Flexibility 4-pipe system allows Requires complex system
simultaneous cooling & balancing
heating

Maintenance Lower maintenance compared Piping network needs regular
to decentralized chillers upkeep

Preferred utilization

e Large Cities & Business Districts — Skyscrapers, malls, hotels

e Mixed-Use Developments — Areas needing both cooling & heating

e Industrial & Data Centers — High cooling demand with stable loads

e Universities & Hospitals — Reliable, efficient cooling for large campuses

Step 3: Designing district for data retrieval

After inserting the basic inputs, the user shall toggle “create new project” on the bottom
corner (Wirtz, 2023). By doing so, a new template will be shown that includes a geographical
map of the area of interest, and the user can define the district heating network and also
buildings for the analysis.

Fig. 4.Geographical Map of the Area for Data Retrieval
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By checking the Define area for data retrieval option (Fig.6 red arrow), user can draw the
preferable area for the individual buildings data import. A necessary zoom in is needed for
this designation. User can then start the drawing session, when a cross point will be shown

-
+ &
7/
- .
e g 4
E
B
% I
Heat network
Faon
O M
= sat
Sone Neutral
Define area for dota retrieval: Defne area fo data etrieva ~ o e
. i rea for data
g poe
- buldiny
) [P T dbidne
7/ £ - Load street routes
. * = o
. F f Y Draw building
5 v
— .
P S S e e 0
! ===Lwwgy,_ o
I e — Buildings
., i ——3 i
. /! [ oora L O]
B ! l 4
B 1 / w v
% \ 8 .
* R Click here to load data s
\ .
\ 2
A\ P Heat network
\ - f
\, >
\ / 3
2 %
N 4 ~
P
\ <
™ e
N ’/ " © Map
/
& \\\’/" Sateliite
= oo, Neutral

First steps: Watch our step-by-step video tutoril.

Toggling Import data gives the capability to visualize the district buildings, drawing some
additional ones if necessary (green arrow) and changing also the view of the district buildings
in the dropdown field below Buildings (blue arrow). Additionally, the user can draw the pipe
network for the surrounding area by clicking Draw pipe (orange arrow). Providing that the
project will be the designation of a district heat network and therefore heat, cold and/or
electricity demands needs to be evaluated, these steps and the following ones are necessary
for technoeconomic analysis. If the project will focus on electricity demands only excluding
heating and/or cooling, pipe network design is not needed for optimization.

Define area for data
retrieval

i Draw building

Z
i g * 'Y Draw pipe
* Nappeviboy, E
Buildings
Viualze bildings ¢ | h
” $
@
Heat network

5
Xoue
&% 0 map
satellite
Neutral
& Mn9uspe, Show connection point
o & oo,
o g 4

First steps: Watch our step-by-step video tutoriol.
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In this example we designed a pipe along the street and a piece of it in the district area, but
different routes can also take place.

3 g
+ f Connect all buildings &
- Y Draw building

:
- -

g Buildings

% )

% Visualze bulding: ¢

A ¢
= B Mg
i
IS Teantla
Heat network
]
® Visuahize network ¢ | D
O Map
Satelite
Neutral
F Show connection polnts
% " e
\ [on ]

Afterwards, buildings need to be connected to the network. There is an option of connecting
all buildings at once and when applied the tool connects them using the smallest distance
possible. Users can also click into a single building and edit its parameters if necessary. This
contains everything from the size of the floor area to the heat, cooling and/or electricity
demands and even the way that heat, cold and/or electricity demands are covered.

<
¥ % Connect all buildings 3 5 buildings selectedX
> 5
- E
~ 1322
- Floor area 5
/ 3
b ~ 105
Heat demand
Mwh
Domestic hot 2 Buildings
water  MWh
Visualize building: ¢ D
™
R
= Heat network
2]
3} Visualize network ¢ D
© Map
satellite
Neutral

Show connection points.

0 Pipe parameters

£ Heat network settings O Hydraulic settings

From the designed district, a building shall be selected that will function as an energy hub.
This can be done by clicking on a specific building and from the menu list click select as energy
hub.

Building 628 X

3
+ &
S
&

floorares  341m’

Usagetype  Residential

S
gl

Visuallze bullding: ¢ D

Heat network

sualize network & D

O Map
Satelite
Neutral

Show connection points

Upload GIS data

© Hydraulic settings
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It is also notable that users can upload building data and network sections using various
formats for creating new buildings or even import data for existing ones (upload GIS data
section). Heat network settings, hydraulic ones, and pipe parameters can be modified too.

Furthermore, the user can toggle Calculate district function. This will summarize the total
energy demands of the selected district.

Step 4: Energy hub

In this section, the user shall decide on the appropriate energy generation and storage
technologies for the energy system designation. This includes technologies such as heat
pumps, boilers, photovoltaic systems, hydrogen technologies, and thermal storage units. It
also gives the user the chance to define how these components interact within the energy
system and consider factors like energy flows, control strategies, and integration with existing
infrastructure.

Energy hub
Nacura gas
I
"
et 1
| =
o

Fig. 36. Configuration of the energy hub

Use can also define how these technologies will operate and put some additional constraints
on them. To do so, the user shall click the gear for the preferred technology (as shown in the
image below) and set for example for the gas boiler to operate when the ambient air is above
2 °C or even change the share of thermal and electric efficiency fraction.

Technology selection

Technology Capacity + Biogas CHP 2 || +PVT collectors
+ Fuel cell || + Gas boiler
olar thern Hea

Gas CHP 1

to be optimized

» £10.000 kW, / < 58.824 m*

to be optimized

=}

¥
Photovoltaics  &¥
»

=l

Geothermal probes 1

Fi
St
A
+ Geothermal probe
Al
Al

Users can then click Size technologies with a minimum cost goal for the optimization or change
the target by toggling Settings and choosing a different one (for example CO; emissions).

Dimensioning of technologies table shows the optimal design of the system. The capacities
can be used to select real available components. For example, if the optimization suggests a
boiler with 145kW, the next larger boiler size would be chosen, e.g. 150kW.If a storage has a
very small capacity, the storage does not significantly impact the system efficiency in this

[58]



Design and optimization of hybrid energy systems using open-source computational
tools, Syntrilalas llias

case, the storage should be sized as a normal buffer storage. In addition, based on personal
design preferences, design can be changed in the last column of the table.

Energy demands -

Dectnony denund | Do wow

Energy import

T Deviiyg io

Proceeding further, there is an option of Simulate system operation and by selecting this
function a figure shows up. It describes the quantitative size of the energy flows generated
and consumed, providing an initial overview of how much each component contributes to
covering the demands. When clicking on a technology, the corresponding results are displayed
below the graphic. In addition, when the mouse is moved over an energy flow (connection

line), the amount of energy is displayed in MWh.

Operation simulation

(WS

(o m— K

B @

Toggling Go to result page button on the bottom footer, user can find all the economic results
(cost shares, graphics and cash flow table) and see the costs of the energy system.

Results
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Economic results

Annual balance Economic KPIs @

956.025 €/a

+5.716048 ¢

10.900 ¢/a 12 years

121.957 €/a Int oturn A%

Lump sum costs (annuity) ’ 96.405 ¢/a Energy costs per floor area 97.77 /m*

Annual revenues 7 +1.643.959 ¢/a Monthly energy costs per floor ares 815 ¢/m?

Annusi net profit ~as8.072¢/0

Cash flow

Year Investment Annual costs Annual revenues Annual sum Net present value
0 -13.215.631 € 0€ 0€ -13.215.631 € -13.215.631 €
4 0€ -126.530 € 1.565.675 € 1.439.145 € -11.776.486 €
2 0€ -120.505 € 1.491.119€ 1.370.614 € -10.405.872 €
3 0€ -114.767 € 1.420.113 € 1.305.347 € -9.100.525 €
4 0€ -109.302 € 1.352.489 € 1.243.187 € -7.857.338 €
5 0€ -104.097 € 1.288.085 € 1.183.988 € -6.673.350 €
6 0€ -99.140 € 1.226.747 € 1.127.608 € -5.545.742 €
7 0€ -94.419 € 1.168.331 € 1.073.912 € -4.471.830 €
8 0€ -89.923 € 1.112.696 € 1.022.773 € -3.449.057 €
9 0€ -85.641 € 1.059.711 € 974.070 € -2.474.987 €
10 0€ -81.563 € 1.009.248 € 927.686 € -1.547.301 €
11 0€ -77.679 € 961.189 € 883.510 € -663.791 €
12 0€ -73.980 € 915.418 € 841.438 € 177.647 €
13 0€ -70.457 € 871.826 € 801.370 € 979.017 €
14 0€ -67.102 € 830.311 € 763.209 € 1.742.226 €
15 0€ -63.906 € 790.772 € 726.866 € 2.469.092 €
16 0€ -60.863 € 753.116 € 692.253 € 3.161.345 €
17 0€ -57.965 € 717.254 € 659.289 € 3.820.634 €
18 0€ -55.205 € 683.099 € 627.894 € 4.448.528 €
19 0€ -52.576 € 650.570 € 597.994 € 5.046.522 €
20 100.008 € -50.072 € 619.591 € 669.526 € 5.716.048 €

The net present value after 20 years is positive (5.716.048 €).

[60]



Design and optimization of hybrid energy systems using open-source computational
tools, Syntrilalas llias

Chapter 3: Hybrid systems in-depth tutorial using nPro

In this chapter, a step-by-step guide to hybrid systems design will be presented using nPro
software. Firstly, the analysis will emphasize only the electricity demand of these systems
suppressing their heat or cooling demands. Afterwards, a series of hybrid applications
focusing only on heat demand is going to be displayed. Finally, there will be a comparison
between them describing the best options. (IRENA, n.d.)

+* Electricity Demand

3.1. Grid-PVs-Wind Turbines (CASE STUDY #1)

A Grid—PV-Wind Turbine Hybrid System is a power generation setup that integrates Grid
Power (utility electricity), Photovoltaic (PV) Solar Panels and Wind Turbines to ensure a
reliable and sustainable electricity supply (H. Azoug, H. Belmili & F. Bouazza, 2021).

System operation

i. Power Generation
e Solar PV Panels generate DC electricity when sunlight is available
¢ Wind Turbines generate AC (or DC depending on the type) from wind energy
e Both sources may feed into a hybrid inverter or individual inverters, which
convert the energy to usable AC for loads or to feed into the grid

ii. Power Management (Controller/Inverter role)
e A hybrid inverter or energy management system (EMS) monitors energy input
from PV, wind, and grid
e |t prioritizes renewable sources to reduce grid dependency
e If demand exceeds renewable generation, the system automatically draws
power from the grid

ili. Grid interaction
e |If excess energy is produced, it can be stored in batteries (if present) or
exported to the grid (if net metering or feed-in tariffs apply)
e During low renewable output, the grid supplies the deficit

As mentioned before, after accessing nPro website user shall toggle the create a new project
session for the analysis to start (before that the user should login in order to save the project
and the respective results). Afterwards, each user should define the project type settings, the
project template, and also the location of weather data retrieval. In our first application, the
project type will be set as district, the country for weather data is going to be Greece and the
city Chania (J. Vourdoubas, 2023). As for the project template, neither heating nor cooling
network will be evaluated and thus microgrid is going to be picked from the project template
dropdown menu. See the screenshot below to add the data provided.
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Inputs

Step 1: Basic inputs (press create new project when the following information is added)

Create new project

Settings Weather data
Project name For each location, data of a typical weather year (test reference year) is
aval an customiize the weather data or, alternatively, upload ow
- Giorvws AR
Project type Country city
Project template
Heating supply Cooling supply

Note: Based on the selected project template, some project parameters (e.g., network temperature) are automatically set. All parameters can be adjusted later

%5 Project settings & Import parameter ‘ (@ Create new project

Step 2: Designing the area of interest

Toggling create new project once again after the basic inputs, the software will ask the user
to define the area for data retrieval (from the right) by drawing it.

Before pressing the data retrieval button, the user should find the area of interest, consisting
of the streets: Nikolaou Skoula, Efedron Polemiston, Zimvrakakidon and Mathiou
Milonogianni (as shown in the picture below). The user should use the feature, find the area
and use the +/-. After it finds the area, it presses the button define area for data retrieval (and

not before).

C}
i 2 £3 Deline area for data retrieval
] -
) 5 N g
ov £X0U/ Load buildings
> g oad street routes
3
god b3
kouhd g " Draw pipe
8
= e
| 7 Buildings
R
Heat network
|
+
~
<
3
|8 O Map
8 Satellite
3
% Neulral
g culrat

ShowEhoraction polah

nonepoTv ™" |

: -
" Etbpuy MoK

Step 3: Import data
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User shall then click Import data for the buildings individual energy demands
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Step 4: Activate/Deactivate energy demands

Due to the fact that this is an analysis based only on electricity demand, user should
deactivate any unnecessary energy demand calculation.This can easily be done by toggling the
select all buildings button (as shown with the red arrow below on the left of the picture).After
that, user shall click edit 20 buildings then from the drop-down menu pick energy demands.
By default, nPro has heat demand activated including space heating and domestic hot water

needs.This selections needs to be deactivated by following the steps above.

20 buildings selected L e aree for dacx
X retrieval
5.595

. aglmoogria;

Floor area
Nuxonaow ko m?

% Draw pipe

Total heat
0 MWh
demand

. Nuxohdou X0+
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] =
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From the drop down menu, user shall pick Energy demands.
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District-wide changes 4

Select changes

Select.. 3

Close

Then, from the next menu on the right select Space heating and the following one
Enable/Disable.At last,user should click Disable and then Apply changes to 20 buildings.

3

District-wide changes

®

Select changes

—

Energy demands B ] [ Space heating : ] [l»tmhls‘/dn.mle

©
—

Enable
© Disable

Apply changes to 20 buildings

Close

The same process will occur as for Domestic hot water demands.

%

District-wide changes

®

Select changes

—

Energy demands s ] [ Domestic hot water s ] [ Enable/disable

©»
—

Enable
© Disable

Apply changes to 20 buildings

Close

It is notable that, nPro by default disabled the cooling demands sector (space cooling,process
cooling) and therefore there is no need for user to change anything from these.

Furthermore, an other important modification needs to take part and it is the electricity
demand activation. Same as before, user shall toggle Energy demands—>Plug
loads—> Enable/Disable ,then select Enable and at last Apply changes to 20 Buildings.

>

District-wide changes %
Select changes

Energy demands s ] [ Plug loads s ] [ Enable/disable

o
—

© Enable
Disable

Apply changes to 20 buildings

Close
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There is also an option of e-mobility for the electricity demand session that can be activated,
but in the analyzed systems coming that factor will be staying disabled as it is by default.

Additionally, tool gives user the opportunity to define values of the buildings when it comes
to floor area, how many apartments are in a specific building, whether building is a residential
type or for example a hospital and more importantly setting plug loads values of each one of
them. If someone wants to make any kind of changes to a specific building information, this
can be done by toggling this building , click edit building and apply any modifications.For the
sake of this analysis, default values are used.

Step 1: Edit building

Edit building

At first,user can change building name floor area, building type (each building is linked to
certain usage profiles and specific demand values), the sub-type (existing or new)of it and aslo
the appartments that the specific building has.

Step 2: Energy demands

User can optionally,modify the energy demands of an individual building based on the
preferences. As mentioned before, energy demands can be enabled/disabled including
heating, cooling or electricity ones. In this system, only electricity demand can optionally
change because the other demands are disabled.

Step 3: Energy system

Due to the fact that this will be an electricity only demand analysis ( cooling /heating demands
are not included), any change to this sector is not needed.

After the necessary inputs, each user shall then click Calculate district for the tool to calculate
the total electricity demand of the buildings.
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. Building 11 x

Heat network

User can optionally see a summary of the buildings, by clicking Download and from the drop-
down menu that pops up picking Building list. An excel sheet will then be downloaded
containing them.

[«

Data export

Select export type

Building list

o«

A list of all buildings is exported as Excel file.

The excel table below is an edited from the initial one, including the number of the buildings,
floor area ,floors ,apartments and plug loads data.

Building name Building type L Floors Apartments Plugloads U8

area loads

m? MWh kW
Building 0 Residential 313 2 1 6,9 1,7
Building 1 Residential 352 2 1 7,7 2
Building 2 Residential 399 2 1 88 2,2
Building 3 Residential 214 2 1 4,7 1,2
Building 4 Residential 239 2 1 53 13
Building 5 Residential 235 2 1 52 1,3
Building 6 Residential 239 2 1 53 1,3
Building 7 Residential 193 2 1 4,2 11
Building 8 Residential 312 2 1 6,9 1,7
Building 9 Residential 378 2 1 83 2,1
Building 10 Residential 247 2 1 5,4 1,4
Building 11 Residential 460 2 1 10,1 2,6
Building 12 Residential 197 2 1 43 il
Building 13 Residential 201 2 1 4,4 1,1
Building 14 Residential 268 2 1 59 1,5
Building 15 Residential 278 2 1 6,1 15
Building 16 Residential 277 2 1 6,1 1,5
Building 17 Residential 386 2 1 85 2,1
Building 18 Residential 158 2 1 3,5 0,9
Building 19 Residential 249 2 1 5,5 14

Total 5595 20 123,1

Fig. 36. Exported excel table for building list

It summarizes building types and their annual electricity demand that are picked for the
analysis. All in all, the total floor area of the evaluation is 5,595 m? and the electricity demand
of the entire district (sum of the electricity demands of all buildings plus the pump work for
the heating network which is not included in the evaluation) is 123.1 MWh.

Step 1: Selecting technologies

Proceeding further, the user shall toggle the Energy hub session on the left side of nPro
interface for manually selecting the technologies that are going to be optimized.
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Energy hub

©
demanc

Photovotuaic

As mentioned before, the system consists of wind turbines, PVs, it’s an on-grid system and
the optimization is focused on electricity demand. There is also an option for the user to
change the capacities of the selected technologies costs, as seen in the figure below. Hence,
the user should select only photovoltaics and wind power as shown in the figure below.

Fig. 37a. Technologies selection

Step 2: Sizing technologies

Additionally, as for the energy import, the supply price is set at 0.15€/kWh and the feed-in
tariff on 0.05€/kWh. Users can also change the technology costs, the expected lifetime of the
selected technologies (by defaultis set on 20 years) and the ecological parameters considering
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that energy imports increase the total CO; emissions and feed-ins decrease them. The
optimization objective will focus on the feasibility of a cost-effective system.

Technology selection

Technology Capacity +Gas CHP 1 ] + Biogas CHP 2 ] +PVT collectors [ + Hydropower ‘[ + Fuel cell J

+ Gas boiler 1 )"+ Biogas boiler 2 )"+ Electric heater )+ Solar thermal |

Photovoltaics [ 21 <10.000 kW, / < 58.824 m* '
+ Heat recovery chiller ][ + Booster heat pump ( + Air-source heat pump |
Wind power  ## W $1,000 kW, ; - -
[+ Heat/cold source 1 ]+ Heat/cold source 2 ]+ Geothermal probes 1 |
( + Geothermal probes 2 | [ + Electrolyzer )( + Compression chiller |+ Absorption chiller ]
+ High-temp. heat storage | + Heat storage | [ +Accumulator tank | [ + Battery |
+ Hydrogen storage | [+ Cold storage |
Energy demands o
Define demand Annual demand Peak load Temperature
Electricity demand [ Details | 123 MWh

[+ Heat demand ) [ + Cooling demand ) + Hydrogen demand |

Energy import

Supply price Feed-in tariff

f Electricity grid I K] 0,15 €/kWh 0,05 €/kWh
[+ District heating |+ District cooling | [ + Hydrogen export | + Hydrogen import |
@ Technology costs ‘ @ Ecologic parameters
ﬁ Settings ‘ min € ‘ E Size technologies (minimum costs)

Figure 37b. Energy demands and energy import

Afterwards, the user should toggle Size technologies to allow software to calculate the design
of the optimal system.

Dimensioning of technologies

Full load hours/

Technology Pre-design A Optimization range
Charging cycles

&  Photovoltaics 35 kW, / 206 m* 1545 h/a <10.000 kW, /< 58.824 m* 2

M Wind power 127 kW 1637 h/a <1.000 kW

Energy import and feed-in
Technology Energy import Feed-in

F  Electricity grid ca. 38,6 MWh/a ca. 178 MWh/a
Step 3: Simulate system operation

After selecting Size technologies (bottom of the page at the right) and tool presenting the
dimensioning of technologies, user can see the operation of the preferred system by toggling
Simulate system operation (bottom of the page).
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|>‘——> o™
A a
Toe
“ =)

Wind Photovoltaic
power

E summary ‘ 3 Download time series

Operation visualization

Monthly values =
° ” Photovoltaics s Installed capacity 35kwW,
Annual profile
Duration curve Collector area 206 m?
Energy flow
Heatmap

Generated electricity 54 MWh

Electricity generation s
O stacked Full load hours 1.556 h/year
Side-by-side Plot time series (positive) Curtailed generation potential 0MWh

Plot time series (negative)

Create plot.

No energy flow available for visualization.

B Gotoresult page

The figure above describes the quantitative size of the energy flows generated and consumed,
providing an initial overview of how much each component contributes to covering demands.
By clicking on a technology, the corresponding results are displayed below the graphic. In
addition, when the mouse is moved over an energy flow, the amount of energy is displayed in
MWh. After the simulation of the energy hub, there is a Go to result page function, so user
can find a summary of all the results including especially the economic ones.

Results

Energy hub

The figures below show the optimal design of the system which is set at 35kW,/58,824m? for
the PV and 127kW, for the wind turbines. The capacities can be used to select real available
components. Each one of the figures above can be exported through nPro after Sizing
technologies and Simulating system operation. Users can then toggle Go to result page
(bottom of the page) and select create report function. By clicking again create report, a .doc
file will be downloaded which summarizes all results that the tool can provide, including the
exported images below. If the creating report feature is not available due to software license
issues (demo, academic, commercial), the following results can be summarized via the
individual tabs that user can see after selecting Go to result page. The figures below show
some selected results.
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Summary  Energy hub  Economic results

Photovoltaics

Scenario 1
Installed capacity 35 kw,
Collector area 206 m?
Generated electricity 54 MWh
Full load hours 1.556 h/year
Curtailed generation potential 0 MWh
Wind power
Installed capacity 127 kW,
Generated electricity 258 MWh
Full load hours 2.029 h/year
Curtailed generation potential 0 MWh

Electricity generation and import ()

Technology Annual sum Share

Renewable electricity generation 312 MWh 89,6 %

Share photovoltaics 54 MWh 155%

Share wind power 258 MWh 741%

Electricity import from grid (energy hub) 36,3 MWh 104 %

Self-sufficiency (autarky) rate 70,6 %

Self-consumption rate 279%

Emissions [
Spec. emissions Annual sum CO, emissions
Electricity import (energy hub) 350 g/kWh  x 36,3MWh = 12,7t
Electricity feed-in -0g/kWh  x 225MWh = -0t
Sum 12,7t
Economic results

Annual balance 1

Investment (annuity) -13.280€/a
Energy costs -5.445€/a
Maintenance costs -1.655€/a

Lump sum costs (annuity) P -1.3284€/a
Annual revenues ra +48.177 €/a

Annual net profit +26.469 €/a

[70]



Design and optimization of hybrid energy systems using open-source computational

tools, Syntrilalas llias

Investment: Annuity of investments in all generation and storage plants, plus user-
defined additional investments and retrofit measures. One-time connection fees are
factored negatively

Energy costs: Sum of energy purchase costs

Maintenance costs: Sum of maintenance costs of all plants as well as the user-defined
additional operating costs

Lump sum costs: It is assumed that lump sum costs incurred together with the
investments in the first project year (year 0)

Annual revenues: Total of all feed-in revenues (e.g. feed-in to the power grid), plus
revenues for meeting the energy demands (heat, cold, electricity and hydrogen). One-
time connection fees are not included (deducted from investments)

Economic KPIs

Net present value +329.858 €

Amortization period 6 years

Internal rate of return 22,2 %
Levelized costs of energy 0,085 €/kWh
Energy costs per floor area 1,87 €/m?

Monthly energy costs per floor area 0,16 €/m?

Net Present Value (NPV): It is the sum of all annual payments discounted at the
beginning of the observation period. A positive NPV indicates that the investment is
economically viable. A negative NPV signifies a not feasible investment

ii. Amortization period: It is the time for the investment to pay for itself
iii. Internal Rate of Return (IRR): It is the interest rate at which the NPV of all cash flows

is zero. The IRR is a measure of the profitability of an investment

. Levelized costs of energy: Calculated as annual costs divided by all energy demands

covered by the system (heat, cold, electricity, etc.)
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Cash flow

Year Investment Annual costs Annual revenues Annual sum Net present value
0 -182.050 € 0€ 0€ -182.050 € -182.050 €
1 0€ -6.762 € 45883 € 39.121 € -142.929 €
2 0€ -6.440 € 43.698 € 37.258 € -105.671 €
3 0€ -6.133 € 41.617 € 35.484 € -70.187 €
4 0€ -5.841 € 39.635 € 33.794 € -36.393 €
5 0€ -5.563 € 37.748 € 32.185€ -4.208 €
6 0€ -5.298 € 35.950 € 30.652 € 26.444 €
7 0€ -5.046 € 34.238 € 29.192 € 55.636 €
8 0€ -4.806 € 32.608 € 27.802 € 83.438 €
9 0€ -4.577 € 31.055 € 26.478 € 109.916 €
10 0€ -4.359 € 29.576 € 25.218 € 135.134 €
11 0€ -4.151 € 28.168 € 24.017 € 159.151 €
12 0€ -3.954 € 26.827 € 22.873 € 182.024 €
13 0€ -3.765 € 25.549 € 21.784 € 203.808 €
14 0€ -3.586 € 24.333 € 20.747 € 224.555 €
15 0€ -3.415€ 23.174 € 19.759 € 244.314 €
16 0€ -3.253 € 22.070 € 18.818 € 263.132 €
17 0€ -3.098 € 21.019 € 17.922 € 281.054 €
18 0€ -2.950 € 20.018 € 17.068 € 298.122 €
19 0€ -2.810€ 19.065 € 16.255 € 314.377 €
20 0€ -2.676 € 18.157 € 15.481 € 329.858 €

The net present value after 20 years is positive (329.858 €).

Cost and revenue details

Investments
Energy hub 165.500 € 13.280 €/a
Additional investments 2* 0€ 0€/a
Sum 165.500 € 13.280 €/a

Energy costs
Price Annual energy Costs
Electricity 0,15 €/kWh x 36,3 MWh/a = 5.445€/a
Sum 5.445 €/a

Maintenance costs

Energy hub 1.655€/a
Additional operational costs 2* 0€/a
Sum 1.655 €/a
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Lump sum costs »*

Investments Percentage Costs
Planning costs 165.500 € x 10% = 16.550 €
Sum 16.550 €
Annuity 1.328 €/a

Annual revenues »*
Compensation Quantity Revenues
Electricity feed-in 0,05 €/kWh x 225 MWh/a = 11.250 €/a
Plug loads 0,3 €/kWh x 123 MWh/a = 36.927 €/a
Sum 48.177 €/a

Energy hub

Investment Annuity Maintenance costs
Photovoltaics 38.500 € 3.089 €/a 385 €/a
Wind power 127.000 € 10.191 €/a 1.270 €/a
Sum 165.500 € 13.280 €/a 1.655 €/fa

3.2. Battery-PVs-Wind Turbines (CASE STUDY #2)

This system is designed to operate independently of the main electricity grid by generating
and storing its own power (Q. Hassan, S. Algburi, A. Z. Sameen, H.M. Salman & M. Jaszczur,
2023).

System operation

i. Power Generation
e Solar PV Panels generate DC electricity during daylight
e Wind Turbine generates AC or DC electricity depending on design, based on
wind speed
e Charge Controller(s) regulate voltage and current to prevent battery
overcharging
iii. Power Conversion and Management
a. Hybrid Controller or MPPT Charge Controllers ensure power from both
PV and wind and is optimally harvested and sent to charge batteries
b. If both sources are producing power, the system combines or prioritizes
them for battery charging
iiii. Energy storage
a. Battery bank stores energy for use at night, during low solar/wind
conditions and during high demand
iv.  Power supply to loads
a. Inverter converts DC from batteries to AC for household or commercial
use
b. Systemis sized so that the combination of generation + storage can meet
demand even during several days of poor weather
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Inputs

The area of the analysis will be the same as before, so the first steps will be the same as the
previous system. After creating new project and designing the location of interest that
mentioned previously, the user should pick the technologies in the energy hub session.

Same as the previous system, project type will be district, each user can optionally pick a name
for the project, change heating supply to microgrid, country as Greece and city Chania.

Create new project

Settings Weather data

Project name For each location, data of a typical weather year (test reference year) is

available. You can customize the weather data or, alternatively, upload own

Battery-PV-Wind Turbines b Srofes

Project type Country city

District

o

Greece ¢ Chania

Project template

Heating supply Cooling supply
) Wicrogrid (electricity-based system, no heat network| * No cooling demand ¢
Note: Based on the selected project template, some project pi (e.q., network are set. All can be adjusted later.
£ Project settings ‘ & Import parameter [§ Create new project

Afterwards, the user should toggle create new project for the drawing session to start. The
same area- as the first system- for data retrieval will be set (pages 66-68). Again, due to the
fact that the technoeconomic analysis will focus on electricity demand only, any needs for
heating will be disabled (by default cooling demands has already been deactivated by nPro as
mentioned before).

District-wide changes %

Select changes

3

—

Close

District-wide changes L
Select changes
‘ o :L;h'f

Apply changes to 20 buildings

Close

>
District-wide changes &%
Select changes
[ Energy demands :] [ Yomestic hot water s ] [ Enable/disable ] ]
Enable
) O vis:ble

Apply changes to 20 buildings

Close
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District-wide changes “%

Select changes

[ Energy demands s ] [ Plug loads ¢ ] [ Enable/disable s

) O Enable

Disable

S

Apply changes to 20 buildings

Close

User shall then click again Calculate district.

Step 1: Selecting technologies

Proceeding further, the user shall toggle the Energy hub session on the left side of nPro
interface for manually selecting the technologies that are going to be optimized.

Energy hub -

. 1 =

i |

Eiecricny @ <

e 1
Photovoliaic

From the technologies above, the user shall choose Wind Power, Photovoltaic and Battery
and unclick Geothermal 1 and Electricity grid that has nPro enabled by default. Electricity
demand will also be needed, but it is enabled by default. Then each user can optionally hide
the unselected technologies for a cleaner view (red arrow above).

@ sy
;1 Erectncmy

i
T feemand

Technology selection

LR -
- w ow

The electricity demand of the district is set again at 123 MWh and in this case, there is not a
supply price or feed-in tariff due to the fact that the hybrid system is an off-grid one.

After toggling Size technologies (at the bottom of the page), the optimal design of the system
is calculated, and the dimensioning of technologies are provided.
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Technology selection

Capacity +GasCHP 1 |( + Biogas CHP 2 || + PVT collectors |( + Hydropower || + Fuel cell
= + Gas boiler 1 |+ Biogas boiler 2 || + Electric heater |( + Solar thermal
Photovoltaics & W <10.000 kW,, / < 58.824 m? I
+ Heat recovery chiller || +Boos pump || +Air-source heat pump
Wind power w $ 1.000 kW,
$ B W Heat/cold source 1 | + Heat/cold source 2 | + Geothermal probes 1
Battery oW to be optimized + Geothermal probes 2 + Compression chiller || + Absorption chiller

+ High-temp. heat storage || + Heat storage || + Accumulator tank || + Hydrogen storage |

+ Cold storage

Energy demands o

Define demand Annual demand

Electricity demand Details 123 MWh

+ Heat demand || + Cooling demand || + Hydrogen demand

Energy import

Supply price Feed-in tariff

No energy carrier selected.

| + Etectricity grid |[ + District heating |[ + District cooling |[ + Hydrogen export |( + Hydrogen import

® Technology costs @ fcologic parameters

£+ Settings ize technologies (minimum casts)

Dimensioning of technologies

Technology e Optimization range
& Photovoltaics 124 kW, / 729 m* 712h/a $10.000 kW, / < 58.824 m* »
X Wind power 127 kW, 303 h/a $1.000kWy 2
Battery 211kWh 244 Cycles unlimited

Energy import and feed-in

Energy import

No energy import/feed-in

B Simulate system operation

User can then click Simulate system operation (bottom page), to see how this system will
operate and how energy flow is shared within this system. After selecting this function, the
user shall confront a system error. It is a shortage of electricity error in which electricity
demands cannot be fully covered at least one time during the year.

Error @

e Shortage of electricity
Electricity demands cannot be fully covered at least one time during the year. In many
cases, the missing energy quantities are very small so that they do not affect the design
decision and this error message can be ignored. If substantial shares of the demand
could not be covered, generation capacities should be increased. Alternatively, you can

increase the number of design days in the settings (stepwise by about 50 days) and run

the design calculation again. [ R Y

Month Shortage Share of demand
January 1 MWh /17 kW 0.5%
February 1 MWh /24 kW 1.6%
October 1MWh /7 kW 0.4%

November 1 MWh /11 kW <0.1%
December 1 MWh /29 kW 3.8%

The tool proposes some suggestions for fixing it (as shown in the picture above). In this
particular case, an increase in the number of design days will be selected.
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Step 1: User shall scroll up a little until finding Settings

Energy import

Supply price Feed-in tariff

No energy carrier selected.

[+ Electricity grid | _+ District heating ) (_+ District cooling ]+ Hydrogen export |(_+ Hydrogen import |

@ Technology costs @& Ecologic parameters

£ Settings B Size technologies (minimum costs)

Step 2: Then toggle the cog, select Set number of design days, type 50 and click ok.

Settings {(- Settings £ o

s T Optimization objective
Optimization objective P !

Net present value / total annualized costs s

o

Net present value / total annualized costs
Consider renewables to cover peak loads

Consider renewables to cover peak loads . i
Conservative system design

Conservative system design
Expert settings
Expert SEtﬁngs Set number of design days

‘ Set number of design days - 50 design days

Set time limit for calculation L .
Set time limit for calculation

Step 3: Click Size technologies for the new dimensioning technologies to show.

Dimensioning of technologies

Full load hours/

Technology Pre-design i Optimization range
Charging cycles

&  Photovoltaics 391 kW,, / 2.300 m* 329h/a £10.000 kW, /<58.824m? 2
M Wind power 0kWq Oh/a <1.000kW, 2 -
8 Battery 246 kWh 271 Cycles unlimited 2

Now, as each user will see wind power is not taking part in the analysis. Since it is an
interesting factor to address, users can manually adjust the optimization range for this

technology.
Step 1: Select from wind power session the marker (as shown in the picture above)

Step 2: From the wind power menu that pops, change the generation capacity from 0 to
50(red arrow below) and then click ok.

[77]



Design and optimization of hybrid energy systems using open-source computational
tools, Syntrilalas llias

Wind power A.
The calculation model of wind turbines is documented here.
Generation capacity Technical parameters B Operation restrictions
Define optimization interval Power curve Define operation restrictions
No restrictions enabled.
50 to 1000 kWei Enercon E-141 EP4 s
Electricity generation
The optimization determines a Hub height bicacefiad fiensblod
generation capacity between 50 and
1.000 kW,,. 12 m
Reference height
10 m

Hellmann coefficient

Visualize generation profile

OK

G
vy
>

Step 3: Click once more Size technologies. New pre-design values should appear.

Dimensioning of technologies

) Full load hours/ o
Technology Pre-design Optimization range
Charging cycles
&  Photovoltaics 374 kW,, / 2.200 m? 266 h/a <10.000 kW, / $58.824 m? 2
M Wind power 50 kW, 545 h/a 50-1.000 kW,
& sattery 236 kWh 191 Cycles unlimited 2

Energy import and feed-in
Technology Energy import Feed-in

No energy import/feed-in

B Simulate system operation

Simulate system operation will show again the energy flows that are generated and
consumed.

r_@ S
L

Operation visualization

0w 378kW,

2.200m*

Energy flow

86 MWh

231 hyear

495 MWh (85,2 %)

No energy flow available for visualization.

Same as before, Go to result page function will show a summary of all the results based on
this specific hybrid system. There are 3 tabs a) summary, b) energy hub, c) economic results.
The user clicks the 2™ tab “Energy Hub”.

[78]



Design and optimization of hybrid energy systems using open-source computational
tools, Syntrilalas llias

Results

Energy hub

Photovoltaics

Installed capacity 374 kW,

Collector area 2.200 m?

Generated electricity 86 MWh

Full load hours 231 h/year

Curtailed generation potential 495 MWh

Wind power
Installed capacity 50 kW,
Generated electricity 39,8 MWh
Full load hours 796 h/year
Curtailed generation potential 62 MWh

Battery
Storage capacity 236 kWh
Charging energy 39,2 MWh
Discharging energy 36,1 MWh
Full charging cycles 166

Fig. 38. Sizing of the technologies in the energy hub

Electricity generation and import

Technology Annual sum Share

Renewable electricity generation 126 MWh 100 %
Share photovoltaics 86 MWh 68,4 %

Share wind power 39,8 MWh 31,6%
Self-sufficiency (autarky) rate 100 %

Self-consumption rate 100 %

Fig.39. Electricity generation and import

Economic results

The user should click Results (left side of the window) and then economic results tab.

Annual balance |

Investment (annuity) -61.032€/a
Energy costs -0€/a
Maintenance costs -6.502 €/a

Lump sum costs (annuity) Va -5.217 €/a
Annual revenues 7 +36.927 €/a

Annual net profit -35.825€/a

Fig. 40. Annual balance
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Economic KPIs 1
Net present value —446.448 €
Amortization period -

Internal rate of return -

Levelized costs of energy 0,591 €/kWh
Energy costs per floor area 13 €/m?
Monthly energy costs per floor area 1,08 €/m?

Fig. 41. Economic KPls

Cash flow

Year Investment Annual costs Annual revenues Annual sum Net present value
0 715220 € 0€ 0€ 715.220 € 715.220€
1 0€ 6.192 € 35.168 € 28.976 € 686.244 €
2 0€ 5.898 € 33.494 € 27.596 € 658.648 €
3 0€ -5.617 € 31.899 € 26.282 € -632.366 €
4 0€ 5.349€ 30.380 € 25.030 € -607.336 €
5 0€ -5.094 € 28.933 € 23.839¢€ -583.497 €
6 0€ 4.852 € 27.555€ 22.703 € 560.794 €
7 0€ 4.621 € 26.243 € 21.622 € -539.172 €
8 0€ 4401 € 24993 € 20.593 € -518.579 €
9 0€ 4.191€ 23.803 € 19.612 € -498.967 €
10 0€ 3.992¢€ 22670 € 18.678 € -480.289 €
1 -110.387 € -3.802 € 21.590 € 92.599 € 572.888 €
12 0€ 3.621 € 20.562 € 16.942 € 555.946 €
13 0€ -3.448 € 19.583 € 16.135 € -539.811 €
14 0€ -3.284 € 18.650 € 15.367 € -524.444 €
15 0€ 3.128¢€ 17.762 € 14.635 € -509.809 €
16 0€ -2.979€ 16.917 € 13.938€ 495.871€
17 0€ 2.837 € 16.111 € 13.274 € 482.597 €
18 0€ -2.702 € 15.344 € 12,642 € -469.955 €
19 0€ -2.573 € 14613 € 12.040 € -457.915 €
20 0€ -2.451€ 13917 € 11.467 € -446.448 €

The net present value after 20 years is negative (-446.448 €).

Fig. 42. Cash flow

Cost and revenue details

Investments
Energy hub 650.200 € 61.032 €/a
Additional investments & 0€ 0€/a
Sum 650.200 € 61.032€/a

Energy costs
Price Annual energy Costs
Sum 0¢€/a

Maintenance costs

Energy hub 6.502 €/a
Additional operational costs g* 0€/a
Sum 6.502 €/a
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Lump sum costs »*

Investments

Planning costs

Annual revenues 2

Plug loads

Investments

Building energy systems
Number

Sum 0

Heat network

Spec. costs

tools, Syntrilalas llias

Percentage Costs
650.200 € x 10% = 65.020 €
Sum 65.020 €
Annuity 5.217 €/a
Compensation Quantity Revenues
0,3 €/kWh x 123 MWh/a = 36.927 €/a
Sum 36.927 €/a

Investment Annuity Maintenance

0€ 0€/a 0€/a

0€/m

Energy hub

Photovoltaics
Wind power
Battery

Sum

Investment Annuity Maintenance

0€ 0€/a 0€/a

Investment Annuity Maintenance costs
411.400 € 33.012€/a 4114 €/a
50.000 € 4012 €/a 500 €/a
188.800 € 24.008 €/a 1.888 €/a
650.200 € 61.032€/a 6.502 €/a

3.3. Hydrogen -PVs-Wind Turbines system inputs (CASE STUDY #3)

A Hydrogen-PV-Wind Hybrid system integrates solar (PV), wind turbines, and hydrogen
storage to provide reliable, off-grid, or grid-connected energy (H.A.Z. AL-bonrulah, M.J.
Alshukri, L.M. Mikhaeel, N.N. AL-sawaf, K.Nesrine, M.V. Reddy & K.Zaghib, 2021). The system
ensures energy availability even when solar and wind generation fluctuate. In this case, the
analysis will focus on off-grid energy. (R. M. Ghoniem, A. Alahmer, H. Rezk & S. As’ad, 2023)

Component Functionality

Photovoltaics (PVs)

Converts sunlight into electricity. Produces excess energy during
sunny hours

Wind Turbines

Generate electricity from wind. More effective at night or during
cloudy/windy conditions

Battery storage

Stores excess solar/wind energy for short-term use. Helps stabilize
power supply

Electrolyzer

Uses excess electricity to split water (H,0) into hydrogen (H,) and
oxygen (0,)

Hydrogen storage

Stores hydrogen produced by the electrolyzer for later use

Fuel Cell

Converts stored hydrogen back into electricity when demand is high
or solar/wind power is low

Power management system

Controls energy distribution between PV, wind, batteries, and
hydrogen storage for efficient operation
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System operation

i. Energy generation
e PV panels generate electricity during the day
e Wind turbines produce power based on wind availability
e Surplus electricity is used for direct consumption or stored
ii. Short-Term Energy Storage (Battery)
e Excess power first charges batteries
e Batteries provide instant power when solar/wind energy is insufficient.
ili. Long-Term Energy Storage (Hydrogen)
e When batteries are full, extra electricity powers the electrolyzer to produce
hydrogen
e Hydrogen is stored for long-term use
iv.  Power Supply During Low Renewable Generation
e |If solar and wind energy are low, stored hydrogen is converted back to
electricity via a fuel cell or hydrogen generator
e This ensures a continuous and stable power supply

Inputs

STEP 1: We follow the exact same steps as the previous case study 2. Nothing changes!

This system will be designed in the same location (Chania, Greece), the same area for data
retrieval will be evaluated and as far buildings go (the user should follow the steps shown in
pages 66-68), they will have also the same energy demands. Only electricity demands are
necessary and therefore should be enabled.

District-wide changes L3
Select changes

los

|
3

District-wide changes L4
Select changes

Enable

© Disable

Apply changes to 20 buildings

Close
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District-wide changes %
Select changes
Energy demands [ Domestic hot water ® Enable/disabl
Enable
© Disable

Apply changes to 20 buildings

Close

District-wide changes L4
Select changes
Energy demand N Plug load ) Enable/disable
© Enable
Disable

Apply changes to 20 buildings

Close

Proceeding further, the user shall pick the foresaid technologies for an off-grid system in the
energy hub session (at the left).

Energy hub
rosen
ity
m@
Cactcnter i

Gcacity.
Py

After sizing technologies function, users shall see the optimal design of the system and also
the dimensions of the picked technologies individually.

Technology selection

+Gas CHP 1 |( + Blogas CHP 2 |+ PVT coliectors | + Hydropower [ + Gas boller 1

< Blogas boller 2 |+ Elecricheater ) = Solar therma |+ Heat recovery chilr

Photovoltaics £ W $10.000 kW, /  58.824 m*
+ Booster heat pump || « Air-source heat pump || + Heat/cold source 1 |
Wiioww: O kil 2 )( + Geothermal proves 1 ) + Geot
Fuelcell % W to be optimized bsorption chiler |+ High-temp. heat storage |+ Heat storage
Electrolyzer & W to be optimized +Battery | | + Cold storage |
Hydrogenstorsge & W to be optimized

Energy demands o

Peak load

Electricity demand | Details 123 MWh -

+ Heat demand ) + Cooling demand [ = Hydrogen demand

Energy import

No energy carrier selected.

+ Hectricity grid )|+ Disrict heating )+ District cooling ) |+ Hydrogen export |+ Fydrogen import

@ Technology costs @ Ecologic parameters

L3 Settings o B Sire technologies (minimum costs
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Dimensioning of technologies

Full load hours/

Technology Pre-design et colas Optimization range
& Photovoltaics 387 kW, / 2.276 m* 373h/a $10.000 kW,,/ S 58.824 m* 2
X Wind power 268 kWy 320h/a $1.000 kWe
&3 Fuelcell 26 kW 1135 h/a unlimited 2
$4  Electrolyzer 71 kW 1826 h/a unlimited 2
B Hydrogen storage 962 kWh / 28,9 kg 86 Cycles unlimited 2

Energy import and feed-in

Technology

No energy import/feed-in

B Simulate system operation

By toggling Simulate system operation, user should see the energy flows that is consumed and
generated within the system and how each component is contributed to cover the energy
demands.

_@ s

8

Fig. 43. System operation

The results below are provided after the user presses the CREATE REPORT section and
downloads a file.

Results
Energy hub
Technology Dimensioning Full load hours/Charging cycles
Hydrogen storage 962 kWh 75
Photovoltaics 387 kW, 332h
Wind power 268 kWei 323 h
Fuel cell 26 kWe 976 h
Electrolyzer 71 kWe 1,572 h

Fig. 44. Sizing of the technologies in the energy hub
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Storage capacity 962 kWh

Charging energy 73 MWh
Discharging energy 73 MWh

Storage capacity 28.9 kWh
Full charging cycles 75

Fig. 45. Hydrogen storage

Capacity 387 kw,
Collector area 66
Generated electricity 129 MWh
Full load hours 332 h
Curtailed generation potential 473 MWh

Fig. 46. Photovoltaics

Capacity 268 kWei
Generated electricity 87 MWh

Full load hours 323 h
Curtailed generation potential 457 MWh

Fig. 47. Wind power

Nominal electric capacity 26 kWe
Generated electricity 25.4 MWh
Hydrogen demand 73 MWh
Full load hours 976 h

Fig. 48. Fuel cell

Nominal electric capacity 71 kWei
Generated hydrogen 71 kWei
Generated hydrogen 2.1 kW
Water consumption 19.2 kWer
Water consumption 19.2 kW

Generated oxygen 17.1 kW
Electricity demand 112 MWh
Full load hours 1,572 h

Fig. 49. Electrolyzer

Technology Annual energy Share

Fuel cell 25.4 MWh 10.5%

Renewable el'ectricity 216 MWh 89.5 %
generation

Share photovoltaics 129 MWh 53.4 %

Share wind power 87 MWh 36.0 %

Self-sufficiency (autarky) rate 100 %

Self-consumption rate 100 %

Fig. 50. Electricity generation and import
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Economic results
Investment (annuity) — 141,817 €/a
Energy costs 0€/a
Maintenance costs —36,697 €/a
Lump sum costs (annuity) — 13,406 €/a
Annual revenues + 36,927 €/a
Annual net profit — 154,993 €/a

Fig. 51. Annual balance

Net present value —1,931,571 €
Amortization period =
Internal rate of return -

Levelized costs of energy 1.559 €/kWh
Energy costs per floor area 34.3 €/m?
Monthly energy costs per floor area 2.86 €/m?

Fig. 52. Economic KPIs

Year Investment Annual costs Annual Annual sum Net present
revenues value
0 -1,837,770 € 0€ 0€ -1,837,770€  -1,837,770€
1 D€ -34,950 € 35,168 € 219 € -1,837,551 €
2 0€ -33,285 € 33,494 € 208 € -1,837,343 €
3 0€ -31,700 € 31,899 € 198 € -1,837,145 €
4 0€ -30,191 € 30,380 € 189 € -1,836,956 €
5 D€ -28,753 € 28933 € 180 € -1,836,776 €
b 0€ -27,384 € 27555 € 171 € -1,836,605 €
7 D€ -26,080 € 26,243 € 163 € -1,836,442 €
8 0€ -24,838 € 24993 € 155 € -1,836,287 €
9 D€ -23,655 € 23,803 € 148 € -1,836,139 €
10 0€ -22,529 € 22,670 € 141 € -1,835,998 €
11 0€ -21,456 € 21,590 € 134 € -1,835,864 €
12 0€ -20,434 € 20,562 € 128 € -1,835,736 €
13 0€ -19,461 € 19,583 € 122 € -1,835,614 €
14 0€ -18,534 € 18,650 € 116 € -1,835,498 €
15 D€ -17,652 € 17,762 € 110 € -1,835,388 €
16 -117,047 € -16,811 € 16,917 € -116,942 € -1952,330 €
17 0€ -16,011 € 16,111 € 100 £ -1,952,230 €
18 0€ -15,248 € 15,344 € 95 € -1,952,135 €
19 285,522 € 14,522 € 14,613 € -285,431€ -2,237,566 €
20 305,909 € -13,831 € 13917 € 305,995 € -1931,571 €

Fig. 53. Cash flow

Cost and revenue details

Energy hub 1,670,700 € 141,817 €/a
Additional investments 0€ 0€/a
Sum 1,670,700 € 141,817 €/a

Fig. 54. Investment costs
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Energy hub 36,697 €/a
Additional operational costs 0€/a
Sum 36,697 €/a

Fig. 55. Maintenance costs

Investments Percentage Costs
Planning costs 1,670,700 € X 10 % = 167,070 €
Sum 167,070 €
Annuity 13,406 €/a

Fig. 56. Lump sum costs

Compensation Quantity Revenues
Plug loads 0.3 €/kWh X 123 MWh = 36,927 €/a
Sum 36,927 €/a

Fig. 57. Annual revenues

Investment Annuity Maintenance
Hydrogen storage 721,500 €/a 61,410 €/a 14,430 €/a
Photovoltaics 425,700 €/a 34,159 €/a 4,257 €/a
Wind power 268,000 €/a 21,505 €/a 2,680 €/a
Fuel cell 78,000 €/a 7,554 €/a 4,680 €/a
Electrolyzer 177,500 €/a 17,189 €/a 10,650 €/a
Sum 1,670,700 €/a 141,817 €/a 36,697 €/a

Fig. 58. Investment costs: Energy hub

+* Heat Demand

3.4. Grid-Geothermal Energy-Heat storage (CASE STUDY #4)

A Geothermal Probes—Heat Storage—On-Grid System is a hybrid energy system that combines
geothermal energy extraction, thermal storage, and grid electricity to efficiently manage
heating and cooling needs, typically for buildings or district energy systems.

System operation

v'  Geothermal Probes (Borehole Heat Exchangers)

Vertical probes are installed deep underground (typically 50-200 meters)

o A heat transfer fluid (usually water or a glycol mix) circulates through these
probes
In winter, the fluid absorbs heat from the ground

o Insummer, excess building heat is transferred into the ground (cooling effect)

[87]



Design and optimization of hybrid energy systems using open-source computational
tools, Syntrilalas llias

o Ground temperature is relatively stable year-round (~10-15°C in many
regions), making this a reliable energy source

v" Heat pump system
o A heat pump extracts low-grade heat from the fluid and “upgrades” it to a
usable temperature for space heating or domestic hot water
o For cooling, the process is reversed (absorbs heat from building and dumps it
into the ground)

v' Heat Storage (Thermal Storage Tank or Borehole Thermal Energy Storage — BTES)
o Short-Term Storage: A hot water tank stores excess heat for daily load
balancing
o Seasonal Storage: Excess summer heat is stored underground in BTES fields
or large insulated tanks and used in winter
o Cold storage is also possible for chilled water or ice-based systems

v" Grid Connection (On-Grid)
o The heat pump and system controls run on grid electricity
o The system may operate as:
=  Grid-supported, where power is always available from the grid
= @Grid-interactive, possibly combined with solar PV to reduce grid
consumption
v" Smart Controls & Optimization
o Sensors monitor ground temperature, building load, and energy prices
o The system can:
= Shift heat pump operation to off-peak hours (time-of-use
optimization)
= Preheat or precool the building when electricity is cheaper or
renewable power is abundant

Inputs

Step 1: Setting the first basic inputs

The only setting that changes here, is the heating supply which is now district heating
network (>60 °C).

Create new project

Settings Weather data

Project name For each location, data of a typical weather year (test reference year) is

Project template

Heating supply Cooling supply
Note: Based on the selected project template, some project parameters (e.g., network temperature) are automatically set. All parameters can be adjusted later.

£ Project settings & Import parameter [@ Create new project
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Step 2: Designing the location
Again, the same process as the previous systems will be demonstrated. Zoom in and find the
area of interest containing Nikolaou Skoula, Efedron Polemiston, Zimvrakakidon and Mathiou
Milonogianni streets.

~ puonou TrouMd

Buildings

= MaBod Mubuwsyiun

*Avanadoeu;

Heat network

AmgUNGWOdgHNZ o

eatBpun NI

P Caibpuy oA™Y

User shall then design the shape and click import data.

N

N
——
Awvoyidvun

* MaBioo my

Click here to load data

Amglupﬁddnz -

Y gqtopwV IONEHIOTIN

Nuxohdou ZxouhS.

AGUNDNDIGHNZ o

Eptbpun NN

(5pu NONMOTN

2

woydwn

gotbpuy NI

Step 3: Configuring the pipe network

Afterwards, the user should define the pipe system by clicking Draw pipe. In this example, the
pipe network will be installed into the boundary roads of Efedron Polemiston, Zimvrakakidon
and Mathiou Milonogianni (red arrows). Another piece of the pipe will be placed inside the
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district area (blue arrow). User shall then toggle connect all buildings. The user will have to

click the draw pipe option to add the lines.

‘ % Connect all buildings
=
i . ‘ -
‘ ‘ - |
—-

H\ :

MaBioy Muwvoyigyyn

EPED

« NiKoNGOY 1xouMd ¢ Draw building
=
|

|
‘i Buildings

Gou TkOUNI +~
Visualize buildings...

INIKON

Mabioy My, oyidvun

Heat network

1

Visualize network...

| O Map
Satellite
Neutral

| | Show connection points

Help

Amgmgxndannz -

otV
EqebpWY MoheY [

| - .
cadBouwy NONEWOITY |

In addition, a building shall be picked to function as an energy hub. The red one, as shown in

the image below, is toggling select SET AS ENERGY HUB.

- § Usage type Residential
2 2
. a*
NiKoAaoY FKOUN 3
5’ Edit building
3
| = Show building details
=
' Download data
—‘
- Set as energy hub
‘ ‘ Delete building
-
N
‘ E(LEPWY Nohepo™
|
e ‘
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The tool has by default only heat demands activated and therefore there is no need to
change anything in this particular session (neither cooling nor electricity demands
activation). The user should press CALCULATE DISTRICT.

Step 4: Selecting technologies

In this segment, user should pick the technologies that are going to take part into the analysis
containing Geothermal, Heat Storage, Heat Demand, Electricity Grid and Electricity demand
(as shown in the picture below)

Energy hub
=
Gemand
[ ]m
rermat A

).

] —
demand

Electricity
arid

User shall change the supply price and also feed in tariff to 0.1 and then select Size
technologies.

Technology selection

Technology Capacity +Gas CHP 1 || + Biogas CHP 2 || + Photovoltaics || + PVT collectors || +Wind power
Geotharival Brebésa & 8 o be optimized + Hydropower || +Fuel cell |[ + Gas boiler 1 || + Biogas boiler 2 || + Electric heater
= + Solar thermal | + Heat recovery chiller |[ + Booster h
Heatsiones L {00 optmiced + Heat/cold source 1 || + Heat/cold source 2 || + G
+ Compression chiller |+ Absorption chiller | [ + High-temp. heat storage
+ Accumulator tank || + Battery ‘lﬁl‘iyglujuv:}uujc! + Cold storage

Energy demands o

Define demand Annual demand Peak load Temperature

Heat demand Details 557 MWh 478 kW 75 °C
Electricity demand Details 1,2 MWh

+ Cooling demand | ( + Hydrogen demand

Energy import

Supply price Feed-in tariff

F Electricity grid -] ‘ 01  €/kWh ‘ 01  €/kwh

+ District heating | [ + District cooling | + Hydrogen export | + Hydrogen import |

® Technology costs @ Ecologic parameters

£§ Settings Size technologies (minimum costs)
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Pre-design section will appear, presenting the optimal design of the technologies. As for the
heat extraction rate of the geothermal source, this will be set to 358 kW4, and as for the heat
storage variable the tool does not include it into the optimization and is set to 0.

Dimensioning of technologies

Full load hours/

Technology

Pre-design ‘ Optimization range
Charging cycles
) 357 kWi, N .
M Geothermal probes 1 1132 h/a unlimited 2
HP: 476 kW,
Heat storage - 0kWh /0 m?® 0 Cycles unlimited 2

To change that, the user shall go to technology selection session and click heat storage gear.

Technology selection

Technology Capacity

Geothermal probes 1 W to be optimized

Heat storage»ﬁ

to be optimized

From the heat storage settings that pop up, user shall enable define optimization interval,
determine a storage volume which in this application will be 50-55 m3and then click ok.

-
Heat storage
Storage volume Technical parameters Operation restrictions
Define optimization interval Standby losses

Limit state of charge
50 o 55 s 20 % |per| s v Limit charging time/power
The optimization determines a storage

volume between 50 m®(1.161 kWh) and
55 m?(1.277 kWh). 20 K

Temperature range

Storage operation

Long-term storage possible

After that, the user shall click again Size technologies and now a heat storage capacity should
be included.

Dimensioning of technologies

Full load hours/
Technology Pre-design Optimization range
Charging cycles
357 kW,
M) Geothermal probes 1 1132 h/a unlimited 2
HP: 476 KWy,
g 1.162 kWh /50 m* 0Cyel b
it st !
eat storage m yeles 0SSy
Energy import and feed-in
Technology Energy import Feed-in
A Clectricity grid ca. 136 MWh/a 0 MWh/a

[ Simulate system operation

By toggling simulate system operation, user can see the quantitative size of the energy flows
generated and consumed.
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W) Gemana

Heat
Geo- stol
thermal 1 e

-
I Electricity
» demand

Electricity
orid

There is a section on the bottom page where users can see more detailed results for each
technology and also visualize the operation profiles of the system.

Users can also click into the Summary section and there the most important KPIs of the system
are generated.

B summary & Download time series

Operation visualization

Plot type Technology Geothermal probes 1

Monthly values
© WMonthiy yalut Geothermal probes 1 B Extraction rate 357 kW
Annual profile
Duration curve Generated low-temp. heat by heat pump 541 MWh
Energy flow
Heatmap Heat pump capacity 287 kWap,
Heating power s
© Stacked Heat generation of heat pump 541 MWh
Side-by-side Seasonal performance factor (heat pump) -
—r— . Full load hours (heat pump) 1888 h/year
Heat extraction from ground 406 MWh
Electric demand heat pumps 135 MWh
Dimensioning: Geothermal probes 1
No energy flow available for visualization
@ Go to result page

A summary of the technologies (with the form of screenshots) that have been utilized is
following and user can see it after selecting Go to result page=>Summary and
Scenarios=>Energy hub (2" tab).
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Summary  Energyhub  Economic results

Geothermal probes 1
Scenario 1
Extraction rate
Generated heat
Heat pump capacity

Electricity demand

Heat storage

Scenario 1
Storage capacity
Charging energy
Discharging energy
Storage volume
Full charging cycles
Electricity generation and import
Technology Annual sum Share
Electricity import from grid (energy hub) 136 MWh 100 %
Self-sufficiency (autarky) rate 0%

25
: 15
’ I [ T T 111 I
Jar Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Economic results

357 kW
541 MWh
287 kWay

135 MWh

1.162 kWh
52 MWh
51MWh

50m*

a

For economic analysis, the user shall pick the Economic results tab.

Economic results

Annual balance i

Investment (annuity) -80.210 €/a
Energy costs -13.600 €/a
Maintenance costs -9.867 €/a

Lump sum costs (annuity) v -9.436€/a
Annual revenues 7 +118.893 €/a

Annual net profit +5.780 €/a

[94]
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Net present value +72.041€
Amortization period 20 years

Internal rate of return 56%
Levelized costs of heat 0,238 €/kWh
Levelized costs of energy 0,238 €/kWh
Heating cost per floor area 20,22 €/m?
Monthly heating cost per floor area 1,68 €/m?



Design and optimization of hybrid energy systems using open-source computational

tools, Syntrilalas llias

Annual revenues

Cash flow

Investment Annual costs
0 -1.293.498 € 0€
1 0€ -22.350 €
2 0€ 21.286 €
3 0€ -20.272 €
4 0€ 19.307 €
5 0€ -18.387 €
6 0¢€ -17.512 €
7 0€ -16.678 €
8 0€ 15.884 €
9 0€ -15.127 €
10 0€ -14.407 €
1 0€ 13.721€
12 0€ -13.068 €
13 0€ -12.445 €
14 0€ 11.853 €
15 0¢€ -11.288 €
16 0€ -10.751 €
17 0€ 10.239 €
18 0¢€ 9.751 €
19 0€ -9.287 €
20 176.325€ 8.845€

0€
113.232 €
107.840 €
102.704 €
97.814 €
93.156 €
88.720 €
84.495 €
80.472 €
76.640 €
72.990 €
69.514 €
66.204 €
63.052 €
60.049 €
57.190 €
54.466 €
51.873 €
49.403 €
47.050 €

44810 €

The net present value after 20 years is positive (72.041 €).

Cost and revenue details

Investments

-1.293.498 €
90.882 €
86.554 €
82432¢€
78.507 €
74.769 €
71.208 €
67.817 €
64.588 €
61.512 €
58.583 €
55.793 €
53.137 €
50.606 €
48.196 €
45901 €
43.716 €
41634 €
39.651 €
37.763 €

212.290 €

-1.293.498 €
-1.202.616 €
1.116.062 €
-1.033.630 €
955.123 €
880.354 €
-809.146 €
-741.329 €
676.741 €
-615.229 €
-556.646 €
-500.853 €
447.716 €
-397.110 €
348914 €
-303.013 €
-259.297 €
217.663 €
178.012 €
-140.249 €

72.041€

Building energy systems g*

Heat network »*

Energy hub

Additional investments 2*

Maintenance costs

Sum

Investment Annuity
118.736 € 7.732€/a
485.300 € 31.603 €/a
672.662 € 47.462 €/a

0€ 0€/a

1.276.698 € 86.798 €/a

Heat network 2* 3.885€/a
Energy hub 5.982 €/a
Additional operational costs g2* 0€/a
Sum 9.867 €/a
Lump sum costs &

Investments Percentage Costs
Planning costs 1.175.907 € x 10% = 117.591€
Sum 117.591 €
Annuity 9.436 €/a

Annual revenues 2
Compensation Quantity Revenues
Electricity feed-in 0,1 €/kWh x 0MWh/a = 0€/a
Heat demand 0,25 €/kWh x 476 MWh/a = 118.893 €/a
Sum 118.893 €/a
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Investments

Building energy systems

Investment

Heat network connection 20 118.736 € 7.732€/a 0€/a

Sum 20 118.736 € 7.732€/a 0€/a

Heat network

Spec. costs Investment Annuity

883 €/m 388.549 € 25.303 €/a 3.885 €/a

Energy hub
Investment Annuity Maintenance costs
Geothermal probes 1 357.000 € 22.169€/a 0€/a
Heat storage 25.019 € 2.008 €/a 250 €/a
Heat pump (geothermal energy 1) 286.603 € 22998 €/a 5.732¢€/a

Sum 668.622 € 47.175€/a 5.982 €/a

3.5. Grid-Biomass CHP unit-Heat storage (CASE STUDY #5)

A hybrid system combining an on-grid biomass CHP unit with heat storage operates as a
flexible and sustainable energy solution, supplying heat and electricity to buildings or districts
while interacting with the power grid (EPA, 2025).

System operation

v" Biomass CHP Unit (Combined Heat and Power)
o Fuel: Uses biomass (wood chips, pellets, agricultural residues)
o Electric Output: Supplies electricity to local loads and/or exports to the
grid
o Thermal Output: Provides heat for space heating, domestic hot water, or
industrial processes
o Efficiency: ~25-35% electrical, ~50-60% thermal -> total system
efficiency = 80-90%
v" Thermal Energy Storage (TES)
o Stores excess heat generated during periods of low demand
o Discharges stored heat during peak demand or when the CHP is not
operating
o Typically, a hot water tank or larger buffer storage, possibly stratified
v' On-Grid Connection
o Allows electricity export (if generation > local demand)
o Allows grid import during CHP downtime or maintenance
o Helps optimize operation based on electricity prices (Time-of-Use)

¢ Operation scenarios

v" Winter (High Chat Demand)
o Biomass CHP runs at high load to meet thermal demand
o Excess heat is stored in TES for use during off-periods or peak hours
o Electricity is used locally or exported to the grid
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v Shoulder Seasons (Low to Moderate Demand)

)
O
O

CHP runs intermittently or at reduced load
TES absorbs surplus and discharges as needed
Grid may supplement electricity when CHP is off

v" Maintenance or Fuel Supply Issues

)
O

Grid electricity supports the load
TES discharges stored heat until biomass CHP is restored

¢ Control strategy

v A central Energy Management System (EMS) balances:

o

O
O
O

¢ Benefits

AN NI NI N

Inputs

CHP operation based on thermal load priority

TES charge/discharge strategy

Electricity flow: self-consumption vs. export vs. grid import
Possibly includes forecasting (weather, demand, prices)

High efficiency: Cogeneration improves fuel use efficiency

CO, Reduction: Biomass is renewable and carbon-neutral (if sustainably sourced)
Grid Flexibility: Can export surplus electricity or import when needed

Thermal Load Matching: Heat storage bridges generation and demand gaps
Economic Optimization: Can operate based on peak electricity prices

Step 1: Setting the first basic inputs (THIS CASE STUDY IS 100% SIMILAR WITH CASE STUDY 4)

As mentioned before, the only setting that changes here, is the heating supply which is now
district heating network (>60 °C).

Settings

Project name

Grid-Biomass CHP unit-Heat storage

Project type

Project template

Heating supply

‘ District heating network (> 60 °C)

Create new project

Weather data

For each location, data of a typical weather year (test reference year) is
available. You can customize the weather data or, alternatively, upload own
weather profiles

Country City

Greece : Chania

Cooling supply

No cooling demand

Note: Based on the selected project template, some project p (e.q., network are automatically set. All parameters can be adjusted later.

¥ Project settings

& Import parameter ‘ [{ Create new project

Step 2: Designing the location
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Again, the same process as the previous systems will be demonstrated. Zoom in and find the
area of interest containing Nikolaou Skoula, Efedron Polemiston, Zimvrakakidon and Mathiou

Milonogianni streets.
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User shall then design the shape and click import data.
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Step 3: Configuring the pipe network
Afterwards, the user should define the pipe system by clicking Draw pipe. In this example, the
pipe network will be installed into the boundary roads of Efedron Polemiston, Zimvrakakidon
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and Mathiou Milonogianni (red arrows). Another piece of the pipe will be placed inside the
district area (blue arrow). User shall then toggle connect all buildings.

$» Connect all buildings

|
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|
[ Buildings

Visualize buildings.

Heat network

Visualize network.

|
[ 4 © Map

| Satellite
|| Neutral

|
Show connection points

| |

ooV

In addition, a building shall be picked to function as an energy hub. The highlighted red one,

as shown in the image below, is picked toggling select as energy hub.

NiKoNGOY gxouNa*~

-

Bl
ll%l'i

*= Mabioy Mudwvoy,

+

Usage type Residential

Edit building

Show building details

Disconnect from network

Set as energy hub

Delete building

EPEbPWY NOAEWOTEY

The tool has by default only heat demands activated and therefore there is no need to
change anything in this particular session (neither cooling nor electricity demands

activation).
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Step 4: Selecting technologies

Energy hub

»

-

Technology selection

In this segment, users should again pick the technologies that are going to take part in the
analysis containing Biomass CHP unit, Heat Storage, Heat Demand, Electricity Grid and
Electricity demand. Some of the foretold technologies/demands are enabled by default right
after selecting the energy hub tab. For enabling the biomass CHP unit user shall do the

following steps:

e At first, click the biomass technology (as shown with the red arrow above)
e Then, from the list pick the Gas CHP 1

Assign fuel types 'ﬁ'
- GasCHP1

Biogas CHP 2
Gas boiler 1

Blogas boiler 2

e Atlast, from the drop-down menu select biomass and click ok

Assign fuel types o

Gas CHP 1

Natural gas s

Natural gas

Biogas

Biomass
Brogac D0

Afterwards, the user should pick the foresaid technologies, hide (optionally) the unnecessary

ones and the following energy hub will be revealed.
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Energy hub
i
D) =
@)=
® 0=

Proceeding further, the user should see the energy demands of this system and energy import
which will again have some of its parameters changed (supply price and feed-in tariff will be
set as 0.1). Also, the biomass import supply price will be set as 0.05. By clicking Size
technologies, the tool will provide the user with the optimal dimensioning of technologies to
minimize the cost of the system.

Energy demands o

Define demand Annual demand Peak load Temperature
Heatdemand | Details ! 543 MWh 476 kW 75°C
Electricity demand \ Details ‘ 1,3 MWh

((+ cooling demand ][ + Hydrogen demand |

Energy import
Supply price Feed-in tariff
F  Electricity grid oo ) 01 €/kWh ) o1 ekwh
&  Biomassimport o mmp 005  €/kwh No feed-in

[ + District heating ‘/ + District cooling ]| + Hydrogen export ][ + Hydrogen import |

® Technology costs @ CEcologic parameters

3% Settings min € [ Size technologies (minimum costs)

Dimensioning of technologies

Full load hours,
Technology Pre-design ) / Optimization range
Charging cycles

w» Biomass CHP 1 334 kW, / 477 kWyy, 1131 h/a unlimited 2

@ Heatstorage ) 0kWh/0m? 0 Cycles unlimited 2

Due to the fact that heat storage will again not be evaluated in the analysis, user shall go to
technology selection session (above energy demands) and click the heat storage gear.

Technology selection

Technology Capacity
Biomass CHP 1 Ee)

Heat storage ‘i}

to be optimized

to be optimized

From the heat storage settings that pop up, user shall enable define optimization interval,
determine a storage volume which in this application will be 50-55 m3and then click ok.

[101]



Design and optimization of hybrid energy systems using open-source computational
tools, Syntrilalas llias

Heat storage <

)
Storage volume Technical parameters Operation restrictions
@ Define optimization interval Standby losses Limit state of charge
50 to 55 i 35 e | < oy Limit charging time/power
The optimization determines a storage Temperature range
volume between 50 m® (1.161 kWh) and
55m?(1.277 kWh) 20 K

Storage operation

Long-term storage possible

Another parameter that will be changed is biomass CHP direct feed-in setting. Even though
the system is an off grid one, a sort of electricity is needed for the pump work, control systems,
auxiliary loads (lights, emergency devices etc.).

Technology selection
Technology Capacity
Biomass CHP 1 -'1} ] to be optimized

1.161-1.277 kWh

Heat storage ]
& ® W 50—55m?

User should enable from electricity generation tab, the direct feed-in feature. A default value
of 0,16 €/kWh will show, then the user can click ok.

Biomass CHP 1 W

Combined heat and power units generate electricity and heat. Natural gas, biogas and biomass can be used as fuel. When the thermal efficiency is set to zero, the model
represents an electrical generator.

Electric capacity Technical parameters Operation restrictions Electricity generation
Define optimization interval Electric efficiency Define operation restrictions ‘ Direct feed-in enabled
The optimal nominal capacity is 35 % Norestrictions enabléd. Revenue for direct feed-in
3

determined in the calculation.

0,16 gwh

Operation mode Thermal efficiency
Generates high-temp. heat 50 % Self-consumption enabled
Generates low-temp. heat Revenue for self-used electricity
Fuel type
Excess heat can be dissipated Biomass s

After that, the user shall click again Size technologies and now a heat storage capacity should
be included.

Dimensioning of technologies

Full load hours/

Technology Pre-design L Optimization range
Charging cycles
W&  Biomass CHP 1 334 kW, / 477 kWy, 1170 h/a unlimited 2
1.161-1.277 kWh
Heat storage ‘ 1.162 kWh / 50 m* 16 Cycles S

By toggling to simulate system operation, users can see the quantitative size of the energy
flows generated and consumed.
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Operation simulation Annual tota

Blomass

CcHP 1

o
5
Heat
®:.

) @) s

Electricity
arid

There is a section on the bottom page where users can see more detailed results for each
technology and also visualize the operation profiles of the system. Users can also click into
Summary section and there the most important KPlIs of the system are generated.

E| Summary | t. Download time series

Operation visualization

Plot type Technology Biomass CHP 1

© Monthly values

Biomass CHP 1 s Nominal electric capacity 334 kW,

Annual profile
Duration curve Nominal thermal power 477 kW,

Energy flow
Heatmap Generated electricity 393 MWh
Heating power é =
© Stacked Self-used electricity 0 MWh
Side-by-side Direct electricity feed-in 393 MWh
. Generated total heat 562 MWh
Create plot.. ¢
Generated high-temp. heat 0 MWh
Generated low-temp. heat 562 MWh
Fuel demand 1.124 MWh
Fuel type Biomass
Full load hours 1.178 h/year
No energy flow available for visualization.
B Go toresult page
Energy hub

A summary of the technologies (with the form of screenshots) that have been utilized is
following and user can see it after selecting Go to result page=> Energy hub.
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Summary  Energy hub  Economic results

Biomass CHP 1

Scenario 1

Nominal electric capacity 334 kWy
Generated electricity 0MWh
Generated heat 562 MWh

Fuel demand 1.124 MWh

Fuel type Biomass

Full load hours 1.178 h/year

Heat storage

Scenario 1

Storage capacity 1.162 kwh
Charging energy 18,9 MWh
Discharging energy 0MWh
Storage volume 50 m*
Full charging cycles 16

For economic analysis, the user shall pick the Economic results tab.

Economic results

Annual balance [ Economic KPIs

[ —

Investment (annuity) -78.103 €/a Net present value +4.584 €

Energy costs -56.395 €/a Amortization period 20 years

Maintenance costs -39.027 €/a Internal rate of return 5%

Lump sum costs (annuity) Vi -7.880 €/a Levelized costs of heat 0,249 €/kWh

Annual revenues 7 +181.773 €/a Levelized costs of energy 0,249 €/kWh

Annual net profit +368 €/a Heating cost per floor area 21,18 €/m?

Monthly heating cost per floor area 1,77 €/m?

Annual cos! Annual sum
0 1.080.254 € 0€ 0€ 1.080.254 € 1.080.254 €
1 0€ 90.878 € 173.117 € 82.239€ 998.015 €
2 0€ -86.551 € 164.874 € 78.323 € -919.692 €
3 0€ -82.429 € 157.023 € 74594 € -845.098 €
1 0€ 78.504 € 149.545 € 71.041 € 774.057 €
5 0€ -74.766 € 142424 € 67.659 € -706.398 €
6 0€ -71.205 € 135.642 € 64.437 € -641.961 €
7 0€ 67.815 € 129.183 € 61.368 € 580.593 €
8 0€ 64.585 € 123.031€ 58.446 € 522.147 €
9 0€ -61.510 € 117.173 € 55.663 € -466.484 €
10 0€ 58.581 € 111.593 € 53.012 € 413.472 €
1 0€ 55.791 € 106.279 € 50.488 € 362.984 €
12 0€ -53.135€ 101.218 € 48.084 € -314.900 €
13 0€ -50.604 € 96.398 € 45.794 € -269.106 €
14 0€ 48.195 € 91.808 € 43613 € 225.493 €
15 0€ -45.900 € 87.436 € 41.536 € -183.957 €
16 -198.912 € -43.714 € 83.272¢€ -159.353 € -343.310 €
17 0€ 41.632 € 79.307 € 37675 € 305.635 €
18 0€ 39.650 € 75.531€ 35.881 € 269.754 €
19 0€ -37.762 € 71934 € 34172 € -235.582 €
20 207.621 € 35.964 € 68.508 € 240.166 € 4.584 €

The net present value after 20 years is positive (4.584 €).
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Cost and revenue details

Investments
Building energy systems 2* 118.736 € 7.732 €/a
Heat network #* 404.094 € 26.315 €/a
Energy hub 459.219€ 44.056 €/a
Additional investments »* 0€ 0€/a
Sum 982.049 € 78.103 €/a
Energy costs
Price Annual energy Costs
Electricity 0,15 €/kWh x 1,3 MWh/a = 195 €/a
Biomass 0,05 €/kWh x 1.124 MWh/a = 56.200 €/a
Sum 56.395 €/a

Maintenance costs

Costs

Heat network »*
Energy hub

Additional operational costs »*

Sum
Lump sum costs »*
Investments Percentage
Planning costs 982.049 € x 10% =
Sum
Annuity
Annual revenues 4
Compensation Quantity
Electricity feed-in 0,1 €/kWh x 0 MWh/a =
CHP 1 (direct feed-in) 0,16 €/kWh x 393 MWh/a =
Heat demand 0,25 €/kWh x 476 MWh/a =
Sum
Investments
Building energy systems ,*
Number Investment Annuity Maintenance
Heat network connection 20 118.736 € 1.732€/a 0€/a
Sum 20 118.736 € 7.732€/a 0€/a
Heat network
Spec. costs Investment Annuity Maintenance
882 €/m 404.094 € 26.315€/a 4.041 €/a
Energy hub
Investment Annuity Maintenance costs
Biomass CHP 1 434.200 € 42,048 €/a 34.736 €/a
Heat storage 25.019 € 2.008 €/a 250 €/a
Sum 459.219 € 44.056 €/a 34.986 €/a
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Chapter 4: Comparison of the hybrid systems

4.1. Electricity demands focused systems

System Grid-PV-Wind Battery-PV-Wind = Hydrogen-PV-
Wind

Supply price 0.15€/kWh - -

Feed-in tariff 0.05€/kWh - -

Investment Cost -182.050 € -715.220 € -1.837.770 €

Maintenance Cost -1.655 €/year -6.502 €/year -36.697 € /year

Net Present Value (NPV) +329.858 € -446.448 € -1.931.571 €

Annual Revenues +48.177 €/a +36.927 €/a +36.927 €/a

Internal Rate of Return (IRR) 22.2% - -

Amortization period 6 years - -

Our goal of this study was to analyze the capabilities of the nPRO software. In this sense, the
thesis delved into developing some case studies related to the design (sizing) and economic
evaluation of hybrid systems. From the systems that have been evaluated, only the PV-Wind
Turbines-on grid system was financially viable and provided with a positive NPV. The low
investment cost, grid stability, and revenue from feed-in tariffs are some facts making this
system the optimal solution.

Battery-PV-Wind-off grid hybrid system could be viable by reducing the Capital Expenditure
(usage of smaller/cheaper batteries). Additionally, grid interconnection to earn feed-in tariffs
could be helpful and also direct financial contributions (by government usually) for these kinds
of activities. Unfortunately, even though it can provide the cleanest energy.

Hydrogen-PV-Wind-off grid hybrid system is not viable under current assumptions. There is a
very high upfront cost, no additional revenue beyond electricity offset can be generated, and
also there is no monetization of the hydrogen that is produced.

4.2. Heat demands focused systems

System Geothermal-Heat storage Biomass-Heat storage
Supply price 0.1€/kWh 0.1€/kWh

Feed-in tariff 0.1€/kWh 0.1€/kWh

Investment Cost -1.293.498 € -1.080.254 €
Maintenance Cost -9.867 €/year -39.027 €/a

Net Present Value (NPV) +72.041 € +4.584 €

Annual Revenues +118.893 €/a +181.773 €/a

Internal Rate of Return (IRR)  5,6% 5%

Amortization period 20 years 20 years
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Both of the systems that have been evaluated provide a positive NPV and therefore are
economically feasible. In this particular comparison, the Geothermal-Heat storage (A) system
will be the optimal solution. Although the investment cost is higher 1.293.498 € to 1.080.254
€ for the Biomass-Heat storage (B) system, the NPV is also higher 72.041€ to 4.584 €. With
Profitability Index (PI), the Capital Efficiency® can be measured.

Pl — NPV _ 72.041 0055
A7 Investment Cost ~ 1.293.498
NPV 4584
Pl — 0,0042

- Investment Cost - 1.080.254

Even though Biomass generates more revenue annually, it delivers much less value over its
lifetime. All in all, a higher Pl for the Geothermal-Heat storage system, followed by a better
IRR makes it a more suitable candidate for optimal choice.

1 Capital efficiency is about how effectively a project uses the money you invest to generate value.
The Profitability Index (Pl) is often used to measure it.
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Chapter 5: Conclusions

The work presented in this thesis has demonstrated the value of two free access
computational software -REopt and nPro- for the design, optimization, and comparative
evaluation of hybrid systems. Both tools offer complementary capabilities that can guide
engineers in tailoring renewable energy solutions to specific contexts.

REopt provides a site-level, techno-economic optimization framework, with features that
include: automated integration of solar, battery storage, and combined heat and power (CHP)
assets, configurable energy goals spanning cost savings, clean energy goals, and resilience
against grid disruptions Also, straightforward scenario analysis for single sites or portfolios of
buildings and last but not least generation of detailed outputs such as optimal system sizing,
dispatch strategies, and aggregated economic and emissions indicators.

This software was used to develop two on-grid systems: a PV-Battery configuration,
illustrating the baseline benefits of solar and storage integration for a commercial load and a
more advanced PV-Battery-CHP configuration, showcasing how the addition of a small heat
engine can enhance both economic and resilience objectives.

nPro, by contrast, is tailored to district-scale planning and excels at: generating hourly demand
profiles for electricity, heating, and cooling based on diverse building typologies, modeling
microgrids, district heating and cooling networks, and energy hubs that interconnect multiple
buildings. Furthermore, it supports a broad range of technologies — including wind,
geothermal, biomass, CHP, hydrogen infrastructure, and thermal storage — with a unified, GIS
(Geographic Information System)-aware environment. Lastly, this software employs an
optimization engine that balances capital and operating costs across multiple energy vectors
and spatially distributed loads.

Using nPro, five neighborhood-level systems were constructed and compared: a grid-tied PV-
Wind system, an off-grid PV-Wind-Battery microgrid and an off-grid PV-Wind-Hydrogen
microgrid (electricity focused systems). Focused on heat demand, a district heating scheme
based on geothermal energy coupled with thermal storage and a biomass CHP plant
integrated with heat storage is presented.

These case studies highlight how REopt and nPro address different scales: REopt streamlines
building-level optimization while nPro captures the complexity of inter-building energy flows
and network design. Both tools support the rapid design of hybrid systems that combine
renewables, storage, and dispatchable sources. Early-stage design facilitated by REopt and
nPro significantly reduces uncertainty in system sizing, technology mix, and financial viability,
thus informing more confident investment decisions. In conclusion, REopt and nPro
collectively provide a powerful, data-driven toolkit for advancing the deployment of hybrid
renewable energy systems—whether for a single facility seeking cost savings and resilience,
or for a whole district aiming for integrated, multi-vector decarbonization.

The form of the overall thesis was to provide manual instructions on the user in order to
understand the basic features REopt and nPRO computational tools have. It is suggested in a
later stage (e.g. in the form of a new thesis) to provide examples that will be based on realistic
scenarios and comparable to each other.
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