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Introduction, evaluation tools for CSHPSS

Central solar heating plants with seasonal storage can cover a high solar fraction of the space heating and
domestic hot water demands of big communities at an affordable price. These systems already supply heat
to big communities through district heating systems in the north and center of Europe. The evaluation of
the performance and the design of these centralized solar systems is a complex process, due to their
dynamic behavior both during the day and along the year.

The production of the solar collector field depends on the solar radiation and the ambient temperature
changing along the day. The behavior and operation temperature of the seasonal storage depends on the
demand and solar production distributions along the year. Further, the size of the demand and the location
affects to the performance of the system in such way that the design criteria for the north and south of
Europe are very different. As a result, the process of pre-design and study in initial stages of the project
becomes a real challenge.

Dynamic simulations with TRNSYS [1] of CSHPSS provide an evaluation of the performance of its behavior
with a high accuracy [2-6] but it requires exhaustive and detailed information and a high computational
effort. Simple calculation methods requiring less detailed data and a lower computational effort can
complement TRNSYS providing a preliminary quick evaluation of the size of the main components of an
installation facilitating the design task and providing an estimate of is annual performance [6-10].

In this factsheet is presented a software application for the analysis, pre-design and performance
evaluation of CSHPSS using the simple calculation method developed by the authors [8]. The software
application is a distributable Engineering Equation Software [11] program. It uses public demand and
climatic data that can be easily obtained. Data corresponding to several cities from Europe (more than 60)
have been initially included in the application.

The software calculates the monthly performance of the system, i.e. heat demand, solar production,
auxiliary energy required and average storage temperature. The software also calculates the hourly
performance of the solar collector field on a typical day each month. It can be used to pre-design the solar
field and the volume of the seasonal thermal energy storage of CSHPSS, as well as to perform easily analysis
for the evaluation of these systems. The software application evaluates the technical and economic
feasibility and the environmental benefits in an early stage of a project, contributing also to establish
optimization and design criteria of CSHPSS.
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Description of the Software

EES [11] is a general equation solver program that can numerically solve thousands of coupled non-linear
algebraic and differential equations. EES also contains thermophysical properties of working fluids and
common substances used in thermal energy systems. With this software a distributable program has been
created for the analysis, pre-design and performance evaluation of CSHPSS systems, based on the
calculation methodology proposed by the authors. The executable program will be available on Task 45
website.

The program consists of six subsections, corresponding each to a different window: main window, solar
collector field, seasonal storage, heating demand, economic evaluation and environmental assessment (Life
Cycle Assessment). Each window contains its specific design parameters that can be adjusted by the user, a
heading with the name of the window/section as well as explaining information including values of design
parameters suggested by the authors.
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Main window

The main window of the software is shown in Fig. 1. The global design variables of the system are defined
and the main results are presented. The window is divided in 6 blocks. In the block on the left and top, the
user can select the location, the number of dwellings and two main design parameters of the installation:
RAD, Ratio Area of solar collector per unit of Demand, and RVA, Ratio Volume of seasonal thermal energy

storage per Area of solar collector.
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Fig. 1: Main window of the developed software for the analysis and evaluation of CSHPSS.

The program includes a wide number of locations in Europe and the user can calculate a specific location if
are known the following data: latitude; monthly daily average horizontal radiation; minimum, average and
maximum temperatures of a typical day each month; and the European Heating Index [12]. The climatic
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data should be introduced in the lookup tables of the program in the column of “New City” and the location
“New city” should be selected at the main window.

In respect to the number of dwellings, it is recommended to select a value between 100 and 10,000.
Regarding RAD, its value usually stays in a range between 0.1 and 5 m?/(MWh/year); and in the case of
RVA, the recommended interval is 0.5 and 10 m3/m?. Each design is calculated pressing the button “Calc”,
further it can be saved and loaded for future evaluations.

On the right side is shown a diagram of the CSHPSS system containing the annual energy balance of the
system as well as a chart with the monthly results for the main energy flows: incident solar radiation Q;,
solar heat collected Q., heating demand Qg, auxiliary energy required Qg; and seasonal storage temperature
Tsto. On the bottom are shown the main sizing results, i.e. the area of solar collectors and the volume of the
seasonal thermal energy storage. Furthermore is also presented an estimation of the investment required,
cost of the solar thermal energy produced and cost of the total energy produced. Energy results are
presented in MWh/year.

From this main window it can be accessed to the other windows of the software: Solar Collector Field,
Seasonal Storage, Heating Demand, Economic and Environmental Assessment.

Results obtained for a system located in Zaragoza (Spain) consisting of 1000 dwellings of 100 m? each with
design ratios RAD = 0.6 m?2/MWh and RVA = 6 m3/m? are shown in Fig. 1. It can be noticed that the seasonal
storage reaches a maximum temperature of 82 2C which is lower than the maximum temperature,
indicating that the seasonal storage is oversized. Calculating with RVA = 4 the storage reaches the
maximum temperature but the obtained system has to reject part of the production in Summer, Qx = 122
MWh/year. Following an iterative process the ratio RVA allowing to store all the summer production
without heat rejection and avoiding the oversize of the tank can be obtained.
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Solar Collector Field

The features of the solar collector field can be adjusted by the user in a specific window, see Fig. 2. The
performance coefficients of a commercial large flat plate solar collector Arcon HT-SA 28/10 [13] are
implemented by default in the software and are shown in this window, but specific user defined values can
be used.
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Fig. 2: Solar Collector field window of the developed software for the analysis and evaluation of CSHPSS.

The solar collectors are considered by default oriented to the south (North hemisphere) and tilted with an
inclination equal to the latitude, but deviations from this orientation and inclination can be used. The
ground reflectance considered by default is 0.2. The specific heat capacity and density of the solar field
working fluid and the solar field flow per area of solar collector can also be adjusted. It is considered a heat
exchanger, between the primary loop and the secondary loop feeding the seasonal storage tank, which
effectiveness can also be user defined. By default water is considered as the working fluid in the solar field
with a specific flow of 20 (kg/h)/m? and the heat exchanger effectiveness is 90%.
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The monthly performance of the solar collector field is shown in a chart in which the incident solar
radiation Q, solar heat collected Q. solar collector field efficiency ns, and solar fraction SF, are depicted
(see Fig. 2). For the analyzed case, the solar collector field has a monthly efficiency between 70% and 35%.
Note that the efficiency of the solar collectors is lower at the end of the charging season due to the high
temperature in the seasonal storage tank.
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Seasonal Storage

The seasonal thermal energy storage considered is a hot water tank. Its volume has already been
determined with the design parameters RAD and RVA in the main window. More specific parameters of the

thermal energy storage are set in this window.
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Fig. 3: Seasonal Storage window of the developed software for the analysis and evaluation of CSHPSS.

The shape of the thermal energy storage affects to the thermal energy transferred to the ambient. A
cylindrical thermal energy storage tank is considered and the aspect of the tank (height divided by




Task 45 Large Systems %

SOLAR HEATING & COOLING PROGRAMME
INTERNATIONAL ENERGY AGENCY

Evaluation tool for CSHPSS - User Manual Fac

diameter) can be selected. The minimum default seasonal storage temperature of the CSHPSS plant
connected to a low temperature district heating system is 30 °C but other minimum temperature values
can be given if the designer considers different design restrictions. Similarly, the maximum default storage
temperature considered is 90 °C but different maximum storage temperatures can also be used. The
seasonal thermal energy storage tank has thermal losses to the environment through the storage envelope.
A default value of the heat transfer coefficient of 0.12 W/(m?-K) has been estimated, which can also be
adjusted by the user. Further, the substance considered by default for thermal energy storage is water,
however different substances, e.g. soil or gravel-water mixtures can be considered by implementing the
corresponding specific heat and density of the considered substance.

On the lower part of this window (see Fig. 3) are presented the main energy flows of the seasonal thermal
energy storage: thermal losses Q), heat discharged Qs, and heat rejected Qx, when the storage tank is fully
charged. It is also shown the average temperature of the water in the seasonal storage tank (stratification is
not considered).
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Heating Demand
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The residential sector consumes thermal energy to cover space heating (SH) and domestic hot water (DHW)
demands. The SH and DHW demands are calculated according to the number of dwellings, the dwelling

size, and average consumption of domestic hot water.
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Fig. 4: Heating Demand window of the developed software for the analysis and evaluation of CSHPSS.

The base annual space heating demand 43.2 kWh/m?[10] is taken for new multifamily buildings in Madrid

(Spain). Space heating (SH) demand for others locations in Europe have been obtained applying the
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European Heating Index [12]. The space heating demand is distributed monthly according to the degree-
days method [14]. The user can modify the distribution of the thermal energy demand by changing the
base temperature. Typical values used are 18 °C for regular buildings and 15 °C for efficient buildings, but
other user defined values can be applied.

The consumption of thermal energy for the production of domestic hot water (DHW) depends on the size
of the community, average consumption of DHW, occupation of the houses and temperature difference
between supply water and hot water consumption temperature, 60 °C. An average consumption of 30
I/(person-day) and an occupancy of 40 m? per person are considered by default.

In the lower part of the window (see Fig. 4) are shown the monthly distribution of the domestic hot water
demand Qqpuw, Space heating demand Qqsi and the total heating demand Qq, as well as the average
ambient temperature, Tamb.
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Economic assessment

The developed software estimates the investment costs of the analyzed CSHPSS system and its operation
costs corresponding to the electricity and the auxiliary energy consumed respectively by the pumps of the
CSHPSS and by the auxiliary boilers required to cover the demand [8]. The prices of the electricity and the
auxiliary energy source for heating are input values through the user interface (see Fig. 5), as well as the
efficiency of the auxiliary boilers that can be given by the user.
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Fig. 5: Economic evaluation window of the developed software for the analysis and evaluation of CSHPSS.
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The parameter a included as input data in the user interface is proposed to consider the economic costs of
different technologies of thermal energy storage or the expected future price reduction associated to the
technology development [15-19]. The value a = 1 corresponds with the experience gained in the
demonstration projects of the two last decades using a hot water tank for thermal energy storage. The
amortization factor is calculated considering an annual interest rate (i = 0.030 year), which is an input
value to the software. The amortization costs are distributed along the equipment lifetime (25 years for the
solar collector and 50 years for the seasonal storage). The annual operation and maintenance costs are
estimated as 1.5% (fope = 0.015 year™) of the investment cost according to the criteria proposed by the IEA
[201].

In the example illustrating this document (see Fig. 5) the auxiliary energy system consists of a natural gas
boiler with an average efficiency of 95% and a natural gas price of 58.3 €/MWh (Spanish gas price for
commercial consumers). The price of the electricity consumed by the pumps is 166.5 €/MWh. The software
provides an estimate of the investment costs of the solar system (with more detailed information for the
main components —solar field and thermal energy storage), as well as the total costs including separately
the cost of the solar heat and the cost of the auxiliary system. A sensitivity analysis is also presented in a
chart considering different values of annual interest rate for the investment costs.
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Environmental assessment

There is also a specific window (see Fig. 6) providing an environmental assessment of the analyzed CSHPSS
system based on the Life Cycle Assessment (LCA) methodology [21].

[T Fragun Insdlule
o 4 { i of Englneering Research
G

UniversityZaragoza

Simple Method

Design of Central Solar Heating Plants with Seasonal Storage (CSHPSS)
Authors: M. Guadalfajara, M.A. Lozano, L.A. 5emra, J. Rodriguez

Environmental Assessment

: Thizs window presents an environmental assessment of the CSHPS S, based on the Lifle -
Electricity: Cyche Azzosement methodobogy. g

C0; Emissions = @ (kg CO oo MUK O the: left side: of the window, the user should provide the envionmental dola

corresponding to tee countty in which is designed the CSHPS5.
Primary Energy Consumption =-2.2‘5 [ R H] ) )
Hatural G The required data are:

C 05 Emissi = - CO 2 Emissions [kgCD 2eqfMWh]
£ RenE @ |I:g{:{lzaq.l'MWh] - PI-EL'.I-IEMW Conzumplion [Mwh/Mwh)
Primary Energy Consumption = [MVVhIWATR]

These data are reguined for Electiicity and Halural Gas.

- AEl, ;- 14513 AEl = T5554
e — Qc - 3145 Qolar = 2996
rag Solar 1 EC, =109 | scasonal | ECqqer = 36,75 Qd - 5350
—— | Collector - _— = EC -
Field Storage ays = 1127
- Caux = 2354
o= o l gl —1; » FCaux = 211.6
E{:elel: = 33 ®= aux '
Auxiliary
Key: Boiler
AEl: Annualized Environmental Impact, kgCOqeqiyea
EC: Environmental Cost, kgCOqeqfWWh. Qg = 2477
1 Energy Flows, MWhiyear. EC_ = 201
EF: Pumps' Electric Consumption, £l =

- AEL s = 531 ABly, = 4214
oo il Qc = 315 Qsolar - 2996
- cjﬁ::fm Focr = DO _{ Soasonal | FCsotar = 0,201 Qd = 5350
Field Storage ECgys = 0,610
EP ;= 60,74 Qr = 1486 Qaux - 2354
ECqjec = 2:25 Ox =0 ECaux = 1.126
H Ausiliary
2y Boiler
AEL: Annualized Environmental Impact, MWh/year.
EC: Environmental Cost, MW/, Qg = 2477
0z Enargy Flows, MWhiyear, EC... = 1.0
EP: Pumps’ Electric Consumption, MWhlyear. was '

Fig. 6: Environmental assessment window of the developed software for the analysis and evaluation of CSHPSS.

The software provides the greenhouse gas emissions of the system expressed in kg of CO, equivalent per
MWh of heat produced and the primary energy consumption expressed in MWh of primary energy
consumed per MWh of heat produced. In both cases the software evaluates the greenhouse gas emissions
and the primary energy consumption associated to the equipment as well as to the operation (greenhouse
gas emissions and the primary energy consumption associated to the consumption of electricity and
auxiliary fuel during the operation).
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The user can provide values of CO; equivalent emissions and primary energy consumption corresponding to
the electricity and to the auxiliary fuel. By default the values implemented in the software are the Spanish
conversion factors for the electricity and natural gas corresponding to the year 2011 [22]. These factors
allow the evaluation of CO, equivalent emissions and the primary energy required associated to the
operation of the system. The CO; equivalent emissions of each piece of equipment have been evaluated
applying the LCA considering the IPCC 2007 method [23] that uses the up-to-date figures of the
Intergovernmental Panel on Climate Change [24]. Also the primary energy consumption associated to each
piece of equipment is evaluated applying the Cumulative Energy Demand method [25]. A detailed
description of the procedure applied for the environmental assessment of a CSHPSS applying the Life Cycle
Assessment technique can be found in the work of Raluy et al. [26].
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Conclusions

A software for the analysis, pre-design and performance evaluation of CSHPSS, based on a simple
calculation method of CSHPSS developed by the authors [8] has been presented. The distributable program,
currently as a beta version, has been built with the Engineering Equation Software [11]. Using demand data
and public climatic data that can be easily obtained, the software calculates the annual behavior of a
CSHPSS plant on a monthly basis.

The developed software consists of four sequential modules for the calculation of the annual and monthly
performance of a CSHPSS system. The Module 1 elaborates the hourly and monthly climatic and demand
data required to calculate the system performance (hourly radiation on tilted surface, hourly ambient
temperature, monthly demand...). The Module 2 calculates the monthly production of the solar field based
on the hourly incident radiation and hourly ambient temperature of a typical day for each month, and on
the storage tank temperature at the beginning of the considered month. The Module 3 calculates the
monthly values of the energy charged/discharged/accumulated in the seasonal storage tank and the
auxiliary energy (if required), as well as the final temperature of the water in the tank and the heat rejected
(in case the storage tank would be fully charged). And the Module 4 calculates the results (monthly and
annual energy balance, efficiency of solar field, and solar fraction; annual efficiency of thermal energy
storage and global efficiency of the system), estimation of the investment, operation and maintenance
costs. Finally the unit economic cost, CO; equivalent emissions and primary energy for solar heat are
obtained.

A user friendly interface consisting of six windows has been built, starting from general parameters of the
system (main window) to specific considerations of each component (solar collector field, seasonal storage,
heating demand) as well as to the economic (economics) and environmental (life cycle assessment)
information for economic and environmental evaluations. Through these windows the design parameters
can be defined and the results are presented with the help of several graphs and diagrams that support the
evaluation of CSHPSS.

As a result, with the developed software can be easily and quickly obtained technical, economic and
environmental results about the system performance, an estimation of the economic and environmental
solar heat costs, as well as preliminary values of the main design parameters of the CSHPSS system (solar
field area and volume of the seasonal thermal energy storage).
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