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Modelling and scalability
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Heat Pumping Technologies (HPT) programme

« A Technology Collaboration Programme
(TCP) within the IEA since 1978

 An international framework of
cooperation and networking for
different HP actors

« A forum to exchange knowledge
and experience

* A contributor to technology 20 member countries
Improvements by RDD&D prOJeCtS Austria Denmark Japan Sweden
Belgium Finland Netherlands  Switzerland
Canada France Norway United
China Germany  South Korea Kingdom
Czech Ireland Spain United States
—. Republic Italy

- Teknologisk Institut



Digitalisation and loT for HPs - IEA HPT Annex 56

« Project duration: 2020-2023

. Denmark (DTI, DTU
* 4 main task (work packages):

Compute, DTU Construct,
EnergyMachines)

Germany (Fraunhofer
ISE, RWTH Aachen)

Austria (AIT (OA), TU Norway (SINTEF)

Wien, UAS Burgenland,
g John Clauss

o Task 1: State-of-the art OAW) Sebastian Borges Kristian Stenerud Skeie
o Task 2: Interfaces Tilman Barz Wiebke Brix Markussen Stefan Goebel Cansu Birgen

) Regina Hemm Jonas Lundsted Poulsen Tim Klebig
- Task 3: Data Analysis Reinhard Jentsch Tobias Dokkedal Elmge Dirk Muller

- Task 4: Business Models

Interviews and surveys on the
state of digitalisation in the
participating countries

40 factsheets of loT
use cases and projects

Covers both household and
industrial heat pumps
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Task 1 - state of the art

One of the first definitions of "loT” which
creates a shift of paradigme from internet
of data and people to internet of things:

Internet of Things: “Machine-to-machine communications and person-to-computer communications
will be extended to things, from everyday household objects to sensors monitoring the movement of
the Golden Gate Bridge or detecting earth tremors. Everything from tyres to toothbrushes will fall
within communications range, heralding the dawn of a new era, one in which today’s internet of
data and people gives way to tomorrow’s Internet of Things.” (ITU, 2005)

 Paradigme shift lead to wider range of
communication protocols:

o

o

o)

(«

Industrial Ethernet fieldbuses: Modbus, KNX, BACnet, ...
Session layer protocols: AMQP, MQTT, ...

Opportunities, uncertainties and characteristics for
protocols described in Task 1 report.

Trend in evolution of M2M to IloT, (Blanz, 2012).

The global push for new technologies brought by a large number of
different consortia and standards, (Blanz, 2012).

Teknologisk Institut



Task 1 - State of the art - use cases

« 40 use cases collected by the various
national teams with focus on design,
development, and implementation of loT
solutions for heat pump systems. Both
products and services as well as research
projects.

« Fact sheets includes key aspects such as
stakeholders, participants, connection
type and data requirements.

- Common patterns identified, resulting in
5 main categories:
Heat pump operation optimization

(@)
o Predictive maintenance
o Flexibil ity pI’OVISIOI’T Factsheet for “Virtual Energy
commissioning demand response O,]; heat / Residential Heating Systems by
: pumps to support the nationa Tiko Energy Solutions AG (CH)”
o Heatas a service power system - SLAV (SE)” &

for heat

pumps Teknologisk Institut



23 DANISH CASE DESCRIPTIONS =

Product and Service Suppliers:

* Energy Machines - Energy machines verification

» Neogrid - PreHEAT for Heat Pumps by Neogrid Technologies ApS
» LS Control - SmartConnect Center

» Centrica Energy Marketing and Trading

*  Climify - Indoor Climate Monitoring Platform

*  Neervarmeveaerket — Community owned Heat Pump Company

« Al-nergy - Artificial Intelligence Assisted Products

* ENFOR A/S - Energy Forecasting and Optimization Platform

» Center Denmark — The Digital Data Platform

* EnergyFlexLab

*  METRO THERM - MyUpway™

loT Project Cases:

» Digital Twins for Large-scale Heat Pump and Refrigeration Systems
* EnergylLab Nordhavn - Smart Components

» Flexheat - Intelligent and Fast-regulating Control

« Smart-Energy Operating-Systems (SE-OS) framework

« OPSYS20

« Cool-Data

« SVAF phasell

« HPCOM
* Flexible Energy Denmark
* Res4Build

« Development of Fast Regulating Heat Pumps using Dynamic Models
« CEDAR

11 case descriptions for product and service providers and
12 case descriptions for R&D projects about loT and
digitalization of heat pumps in Denmark.

Full descriptions of all use cases available on homepage:
https://heatpumpingtechnologies.org/annex56/factsheets/

Factsheet for “Energy machines Factsheet for “PreHEAT for Heat
verification tool (EMV)". Pumps by Neogrid Technologies
ApS”.

Teknologisk Institut


https://heatpumpingtechnologies.org/annex56/factsheets/

for heat

pumps energy system in the future rather than an autonomous smart component

Task 1 - Litterature and survey

To create an overview of the current state of research on IoT technologies for heat
pump a large number of literature sources were collected in a public Zotero group,
available at the following link:
https://www.zotero.org/groups/4871439/annex56/library

Manufacturer survey (Austria)
o About 50 questions to gather and evaluate the general opinion and
importance of IoT and heat pumps

o Atotal of 16 companies participated in the survey

o Challenges: Data security, data protection guidelines, increase of system
complexity, and availability of qualified personnel

o Frequent answers to introduce loT produtcs: Customer loyalty, service
improvement and new business models

5

H GroupA

B

H GroupB

0 I |||I||III

<:| autonomous smart component part of a connected system |::>

w

3]

number of answers

=

loT enabled heat pumps are expected to become a part of a connected

Zotero library with literature survey.

Motivation to introduce loT products in heat pump systems.

Teknologisk Institut


https://www.zotero.org/groups/4871439/annex56/library

Task 2 - Interfaces, platforms and protocols

« Task 2: Provision of communication and processing
capabilities.

« Common challenges and solutions analysed for
different applications:
o Digital twins of heat pumps
o Connected heat pumps in building automation
o Heat pumps in grid services
o Retrofitting

« Completing a circle in the decision-making
framework can add value.

Decision making framework of an loT application

P \for heat
< | QT,"”'""S Teknologisk Institut



Task 2 - Digital twins of heat pumps

Categorization of services provided by digital twins according
to scope, response time and relevant system level on which the
service is executed

4 examples of Digital Twins analysed:

« DIGIBatch: A digital twin for predicting operating points for test Challenges: Solutions:

bench measurements of heat pumps (research project from Austria) « Distributed data « Data Broker (MQTT)
« Distributed Digital Twin: Architecture of a distributed digital twin . )

(research project “Digital Twins”, DK) * Timescales » Containers
« DZWI: Digital twin of heat generating systems as a pioneer for the « Simulation reqg.  FMU

development of low emission building energy technology (research . Configuration e Frameworks

project from Germany)
« Digital twins by EnergyMachines (loT product from Denmark) Teknologisk Institut



Task 3 - Data Analysis

 Categorization of data analysis methods
and targets based on use cases.

« Best practices given on: Pre-treatment of
data, usage of data models, meta data

data analysis

and building information models (BIM). targets

 Applicable data analysis methods for

certain use cases identified. data analysis

methods

* Heat pump operation optimization

= Predictive maintenance

* Flexibility provision

* Heat pump operation commissioning
® Heat as a service

.

= Fault detection N
= Predictive maintenance

® Optimization

= Control engineering

= Comparison to other heat pumps )

(' Visualization and manual analysis \
= (Analysis of) alarms

= KPI calculation and comparison

* Forecasting

= MPC

= MILP

= Big data analysis

= Data model development

= Machine learning /

Hierarchy derived from the use cases: loT category, data analysis

targets and data analysis methods

Teknologisk Institut



Task 4 - Business Models

« 19 examples of business models analyzed
« SWOT analysis to compare business models, e.g.:

o Predictive maintainance vs. Fixed interval or on demand
maintenance

o Heat as a service vs. Traditional model

o Providing flexibility with heat pump pooling vs. Using a heat
pump as an autonomous component in a building

- Key findings:

o Value proposition for the consumers: Lower costs, higher
efficiency, higher reliability

« More responsibility for efficiency than in traditional business
models.

- Energy system (aggregators, suppliers, grid, etc.): Strong
need for flexibility to compensate for fluctuating generation.

Sector coupling with heat pumps (power/heat) possible. Overview on stakeholders in the life cycle of IoT enabled heat

pumps (* indicates optional tasks).

%)

for heat
pumps

, Teknologisk Institut
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loT-based energy system around heat pump(s)

v v

i

T

Power utility/ End user/ Service
grid responsible operator — provider 5
+ 2 i @ \ i @ i
; A 4 N\
Electricity grid ;i;F q Aggregator @ :
/ '
Heat
o reat C) Manufacturer/
maintenance
N ) ®
<—\| h DA B » OEM %
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Selected examples in Denmark:

@ Center Denmark

@ Energinet

@ HOFOR, Naervarmeveerket, Best Green

@ Climify, Centrica, ENFOR, IBM,
EnergyFlexLab, Al-Energy, EWII

@ Neogrid

@ Energy Machines, JCI, DVI,
METRO THERM, Bosch, Nilan

@ LS Control, Grundfos, Kamstrup

Visualization of supplier groups and examples of associated suppliers in an loT-based
energy system for heat pumps - based on review results from collected case studies in

Denmark.

Several stakeholders at different
levels in the heat pump industry are
focusing on enhancing and deploying
digital and loT-enabled solutions for
heat pumps in Denmark.

Cooperation between groups
important to further develop the
digitalization of the energy system
around the heat pump(s).

Overlap for companies being present
in more groups, but general grouping
visualized (various other companies
not included in review also exists).

Teknologisk Institut



%)

(«

Task 4 - FLEXHEAT (use case example)

Flexible heat production during winter [HOFOR, 2021].

 Grid services are provided with a flexible energy system

consisting of an 800 kJ/s ammonia-based ground-water
heat pump with reciprocating compressors, 200 kJ/s
electric boiler and a thermal storage tank of 100 m3:

System is optimized by a linear-optimization model
supported by a dynamic model of the heat system to
schedule optimal planning production with a real-time
communication setup to control the heat pump
accordingly. Furthermore, the heat pump has been
modified to provide fast regulation services to the grid.

Preliminary results indicate that operating costs can be
reduced by 7 % by introducing intelligent operation with
the linear optimization model, and an additional 6 % costs
reduction can be achieved by delivering grid services.

Teknologisk Institut



Annex 56 homepage

Annex 56 homepage, link:
« https://heatpumpingtechnologies.org/annex56

Available reports:

« Annex 56 - Digitalization and |oT for Heat Pumps Final Report

« Annex 56 Digitalization and loT for Heat Pumps Executive Summary

« Annex 56 Digitalization and |oT for Heat Pumps 2-page Summary

« Task 1 Report: State of the Art

« Task 2 Report: Interfaces and platforms

« Task 3 Report: Data analysis

« Task 4 Report: Business Models

« Country summary report for Denmark on digitalization and |oT for heat pumps

40 project and use case descriptions about lIoT and digitalization of heat pumps:

« https://heatpumpingtechnologies.org/annex56/factsheets/

Teknologisk Institut


https://heatpumpingtechnologies.org/annex56
https://heatpumpingtechnologies.org/publications/annex-56-digitalization-and-iot-for-heat-pumps-final-report/
https://heatpumpingtechnologies.org/publications/annex-56-digitalization-and-iot-for-heat-pumpsexecutive-summary/
https://heatpumpingtechnologies.org/publications/annex-56-digitalization-and-iot-for-heat-pumps-2-page-summary/
https://heatpumpingtechnologies.org/annex56/wp-content/uploads/sites/66/2024/01/iot-annex-task-1-report.pdf
https://heatpumpingtechnologies.org/annex56/wp-content/uploads/sites/66/2024/01/iot-annex-task-2-report.pdf
https://heatpumpingtechnologies.org/annex56/wp-content/uploads/sites/66/2024/01/iot-annex-task-3-report.pdf
https://heatpumpingtechnologies.org/annex56/wp-content/uploads/sites/66/2024/01/iot-annex-task-4-report.pdf
https://heatpumpingtechnologies.org/annex56/wp-content/uploads/sites/66/2024/02/country-summary-report-for-denmark-on-digitalization-and-iot-for-heat-pumps.pdf
https://heatpumpingtechnologies.org/annex56/factsheets/
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Long-term experimental study of price responsive
predictive controlin a real occupied single-family
house with heat pump
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Overview

»Load shifting through demand side management

» Four-month experimental study in a near-zero emission occupied
single-family house in Denmark.

»The control algorithm uses price signals, weather forecast, a
single-zone building model, and a non-linear heat pump
efficiency model.

» Cost reduction from the controller ranging from 2-17% depending
on the chosen comfort level.

»Study carried out as part of the EUDP project “OpSys 2.0”.



» Case study

» System setup

» Control architecture
»Main results
»Conclusion

Outline



Why care about load shifting?



Case study: Modern low-energy single-family house



Heating system

-Heat pump: Bosch Air/water, 7kW capacity

-Floor heating managed by Wavin controller — individual circuit
flows governed by ON/OFF valves

-Photovoltaic panels on roof deliver up to 5.5 kW electric power,
remaining electricity is supplied from electric grid



Floor layout



System setup - data management



Communication infrastructure

Weather forecast B Database

Energy prices

A

Commands
Measurements
Data

A

Electric meter —— Control box/ «— Heat flow meter
gateway

A A A

Modbus
l Direct access l

PV Heat pump Floor heating




Room temperature model fit



Heat pump model



Control architecture



‘Tuning’ supervisory MPC

“|  Financial “ i
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Distress
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too low

Energy comsumption

:lj]é] rH;l;nE'?lature

Temperature

A

Dristress

CO,-equivalent emission

-The supervisory MPC solves a Mixed Integer/Linear Programming
optimization problem based on a weighted sum of performance
curves like the ones shown above.

-Instead of “comfort,” high values indicate “distress.”

-Lower-level controllers manage the actual flows, turning the
heat pump ON/OFF, etc.



Experiment and benchmark days

Green — benchmark

Blue — Comfort level 1
Yellow — Comfort level 2
Red — Comfort level 3
Orange — Comfort level 4



Control performance



Control performance



Long term performance
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Savings depend on comfort level



Nice percentage-wise savings ...
but limited financial benefit



Conclusion

»We presented a four-month experimental study in a near-zero
emission occupied single-family house in Denmark.

» The control algorithm was able to provide energy savings by
coordinating the available hardware, including running the heat
pump closer to its COP optimum and exploiting the roof
photovoltaic panels more efficiently.

»The cost reduction achieved was found to rang from 2-17%
depending on the chosen comfort level.

»Crucially, the experiment did not result in any discernible
discomfort to the occupants.



) DANISH
TECHNOLOGICAL
INSTITUTE

HEAT PUMPS PROVIDING FLEXIBILITY SERVICES - THE
ROLE OF MODEL BASED TOOLS

Wiebke Meesenburg

Technical University of Denmark

49






=
—
—

i

Seminar on Digitalization of Refrigeration and Heat Pump Systems, DTI, 04-07-2024
Heat pumps providing flexibility
services - the role of model-
based tools

Wiebke Meesenburg, DTU Construct, Section of Thermal Energy

Technical University of Denmark



=
—]
—

i

Agenda

What do we mean by flexibility and why do we talk about it?

How can heat pumps provide flexibility?

What are the barriers?

What is the role of model — based tools?




HE

What do we mean by flexibility?

Thermal flexibility

« Adaption of heat uptake or heat output

« Adaption of delivered temperatures

Electric flexibility

Capability to adapt the consumed
electricity at a defined node in the grid

&
O, ”@
o

% %

\

Oo

U U] % Q, Ramping
&=

Adapted from: Ulbig A, Andersson G. Analyzing operational flexibility of
electric power systems. Int J Electr Power Energy Syst 2015;72:155e64.
https://doi.org/10.1016/j.ijepes.2015.02.028.

Short-term Mid-term Long-term

04-07-2024 Technical University of Denmark
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Need for electric flexibility

Source: IEA World Energy Outlook 2023

04-07-2024 Technical University of Denmar!| k
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How can heat pumps provide flexibility?

Large-scale: Here, centralized heat pumps in thermal grids

Requirements

' ‘ R ! i R le h
* Integration with thermal storage enewable power generation /ﬂ % enewable heat sources

* Efficient part-load operation S
Heat
* Higher number of starts- and stops
* Fast reaction time (dependent on the
service)

\

Heat demand
Storage capacity

e Measurement and direct control of the
power uptake

District heating

04-07-2024 Technical University of Denmark
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Flexibility services to the power grid

Implicit . o
flexibility @ Explicit flexibility

TSO Local
ancillary flexibility
services UELG

Variable
electricity
price

Conditional
agreements

Variable Bilateral
grid tariffs agreements
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Services to the transmission system operator (TSO)

Source: Energinet (2023). Outlook for ancillary services 2023-2040

04-07-2024 Technical University of Denmark
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Example 1: FlexHeat, Copenhagen, DK

2-stage ammonia
heat pump

800 kW thermal
DH supply: 60-84 C
Part-load: 20-100 %

Electric heaters
@ To customers
Secondary pump
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Example 2: CO2 heat pump in Sendre Felding, DK

« CO, Heat pump

* Multiple parallel compressors
* 3.3 MW thermal

» Source: Ambient air




=
—]
—

W

What are the barriers?

Ramping times

No direct measurement and control of power uptake

Communication and aggregation

Coordination with neighbouring systems

Lack of experience

Add-on service vs. system design requirements
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Model-based tools supporting flexible operation of
heat pumps

» Design and control
optimization using dynamic
models

» Monitoring: Current “flexibility
potential” and “cost of
flexibility”

* Process scheduling: when
should the service act on which
market

» Control: Adaption of control
signal to ensure the desired
flexible load adaption

» Coordination with neighbouring
systems (secondary streams,
industrial processes, storages,
etc.)

04-07-2024 Technical University of Denmark
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Example: DEVELOPMENT OF FAST REGULATING
HEAT PUMPS USING DYNAMIC MODELS, EUDP

Modelling procedure:

« Challenge
— Screw compressor

— PIl-controller

— Thermosyphon TECHNOLOGICAL

INSTITUTE

HE
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Example: DEVELOPMENT OF FAST REGULATING HEAT PUMPS USING DYNAMIC MODELS
Experiments

AT = 05K

04-07-2024

At = 1 min

Use of validated dynamic models to optimize
system control taking secondary streams into

Technical University of Denmark
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Perspectives

Already today

The need for ancillary services from demand side units is increasing
Heat pumps can react within seconds to minutes

Heat pumps offer connection to a large energy storage capacity

Manufacturers begin to take the required flexibility and robust operation under dynamic
conditions into account when designing new systems

Future developments and open questions
» Coordination of heat pump control with neighbouring systems
+ Digital services targeting flexible operation (scheduling, monitoring,...)

04-07-2024 Technical University of Denmark
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Teaser: Digital Heat Pump Lab at DTU Construct

« Vision: A place where research and education
meet, targeting both the need for digital
solutions and for skilled graduates

« State-of-the art laboratory for small-scale heat
pumps enabling real time interaction between
models and units

« Expected start of operation: August 2025
Contact:

Wiebke Meesenburg, wmeese@dtu.dk
Jonas Kjeer Jensen, jjkie@dtu.dk

Technical University of Denmark


mailto:wmeese@dtu.dk
mailto:jjkje@dtu.dk
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Thank you ©

Contact: Wiebke Meesenburg, Ph.D., wmeese@dtu.dk

04-07-2024 Technical University of Denmar!| k
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https://lscontrol.dk/en/kompetencer/iot-fleet-management/
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A cloud-assisted
framework for
real-time
monitoring of
refrigeration and
heat pump
systems

Johan Hardt Lebner, Danish Technological Institute (DTI)




 Systems contain data

» Digital but unconnected

« Models

« Systems @
» Loss of data m
« What do we want?

* Insights

v

A

« Cooperation between systems
and people

« Anytime anywhere

Teknologisk Institut



The end points

* The user(s)

- Different user different need @ @ @

« Anywhere anytime m m m
* The systems

* DAQ systems

 Test devices

 The weather

- Making it all play together

60

Teknologisk Institut



How and the cloud

« A common connection point

- Anywhere anytime

* Real time data streams

« Models and simulations

« Databases

* Server side processing

=

Teknologisk Institut



The framework

In house External

« Connecting the dots @ @ @
» Translation layers m m m

« Lifting established legacy systems \ \ /
* Relying on established protocols

650

111111

« MQTT, HTTPS, MODBUS, OPC, SQL..

LUILILLILL

« Two-way communication

7 TS

Teknologisk Institut



The “finished” product

« Cohesive presentation of multiple data
sources

« Growing with the challenges

« The importance of flexibility
 Leveraging DTI's excellent IT department
» Custom webapps

* A tailor-made testing environment

e Psst it's never finished

Teknologisk Institut



Questions?
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A digital twin for evaluating evaporation pressure
fluctuations in supermarket refrigeration systems

Andreas Schulte, TU Braunschweig



1. Why did we want a digital twin for the evaporation pressure?

2.
3.
4.

1Ly
G

How did we go about building the digital twin?
What potential for automated model generation exist?

Where else can these methods be applied?
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CO,-Supermarket Refrigeration System
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Typical evaporation pressure
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Motivation

 We assumed a more stable operation would lead to some energy benefits
» Different controller options influence the evaporation pressure dynamics
« The interactions within the system are very complex

« A digital twin is a good option to investigate this
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Building a digital twin

« The digital twin will be build in Modelica (Refrigeration cycle) and Simulink (Controllers)
« The digital twin can be build by hand or automated
+ We explored some ways of automated creation

« Ultimately we build the digital twin in a mix of automation and hand

1Ly
CANTR

8 % Technische
3 ﬁ %ﬁﬁ Universitit 04. July 2024 | Andreas Schulte | Seminar on Digitalization of Refrigeration and Heat Pump Systems | Seite 6
£ Braunschweig

Yo v
Uﬁ i
ks

Nscw



Exploration of semi-automated model creation
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Basic process for automatic model creation

1. ldentify components
2. Determine system layout
3. Create Modelica code for the model:
1. Build connections between components

2. Add Parameter for the components

1Ly
CANTR

g"ié % Technische ) . - - -
3 %' 04. July 2024 | Andreas Schulte | Seminar on Digitalization of Refrigeration and Heat Pump Systems | Seite 8

S 9c/*%* Universitat
%

%5 Braunschweig
Nscw



Determine system layout

» Finding all evaporators/ compressors

that belong to a pressure level
« Correlation analysis and clustering

»  Other clustering/ grouping algorithms

may also work

Schulte, A., Tegethoff, W., Kbhler, J.: Correlation Analysis of evaporation
pressure readings in CO2 supermarket refrigeration systems. 15th IIR-Gustav
Lorentzen Conference on Natural Refrigerants, Trondheim, 13.-15. Juni 2022.
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Example

(€]

: Template model

i model
‘+ Technische
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Example

.

Template model

(€]

1Ly,
LA
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Identification of parameters

« 7 MT evaporators and 4 LT evaporators

* Dynamic cabinet models fitted to

monitoring data
« Physics-based compressor models

» Semi-Automated process for the

cabinets (Python-Script)

1Ly
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Results and Outlook
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Daytime

Data Simulation
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Results

MT: COP vs start/day yearly average
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Schulte, A., Forsterling, S., Larsen, L., Heerup, C., Bacher, P., Gatsch, R., Tegethoff, W., Zihlsdorf, B., Koehler, J.: The influence of evaporation pressure dynamics on
energy consumption. The 26th International Congress of Refrigeration, Paris, 21.-25. August 2023

Schulte, A.; Larsen, L.; Férsterling, S.; Heerup, C.; Tegethoff, W.; Zihlsdorf, B.; Koehler, J.: Energy efficient control strategies in supermarket refrigeration systems. 8th
International Conference on Sustainability and the Cold Chain, Tokyo, 10.-11. Juni 2024.
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Summary

«  We were able to build a digital twin of a supermarket refrigeration system that includes

the controllers and interactions within the system
* The digital twin shows similar dynamics than the real system
A more stable operation leads to energy benefits

* Fluctuations of the evaporation pressure are mainly driven by dynamic interactions within

the refrigeration system
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Outlook

* More automatic generation of simulation models for supermarkets seems possible
« The usage of Al might improve automatic generation of digital twins
* A wider adoption of simulation models will improve utilization of the results

« Transfer of the knowledge to other system with multiple evaporators

Initial work on a large air source heat pump has started as a master thesis
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The End.
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Digitalization of Refrigeration and Heat Pump Systems

Automatic Fault Detection and Diagnosis in
Refrigeration Systems
-A Data-driven Approach-
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Refrigeration systems in cold chain

Refrigeration systems affect on:
« Medicine and food

* Human health

« Economy

« Global warming



Bitzer, Green manufacturer

Business
objective

UPTIME

Important factors:

* Accuracy

» False positive rate

« Computation time

* Required amount of data and sample time

* Required variables (features)

 Ability to lower cost of human resources

» Robustness of the tool for distributed systems

HVAC & R controllers

user panels
and
smart phone app

modules

and more products



Discussion points: A

e RS: Refrigeration Systems




ECOSTAR Unit

Ecostar is a condensing unit for supermarket refrigeration systems



Evaporator fan fault

Afan switch off A fault visualized

Switch off for one of the evaporator fans

An example of datalog for fan fault detection. The fault happened in
sample 5000 and it is obviously affected the data later.

Ice accumulation on evaporator when one of the fan was off
defrost mode : off



CNN for Fan fault detection
Overview:




Lower resolution, faster convergence

v’ faster convergence O
v’ same accuracy until 0.016 Hz

O

Evaluation of CNN training using data with different resolutions
8



Less number of samples, slower convergence

Less number of samples:
v’ lower accurac

y X X X
v’ Slower convergence

1. Evaluation of CNN training using data with different resolutions



Effect of perturbation & noise — CNN

Noise test:

) * < 1% false positive for all runs
" Perturbation test:

= 1% false positive rate, reliable for 92% of the time «  >95% fault classification accuracy

e . . for 99 runs out of 100
= 99% classification accuracy for detecting faulty condition



SVM for binary clssification: Overveiw



SVM sensitivity against data resolution

and size

Importance of data length selection for SVM training

Result of the SVM training is independent to the sample rate, if data represents
thermodynamical behavior of the systems

length | sample rate [Hz] | training time (s) | accuracy [%]
1 0.07 94
300 0.1 0.08 94
0.01 0.07 94
1 0.09 99
900 0.1 0.09 99
0.01 0.1 99
1 0.57 93
1800 0.1 0.65 93
0.01 0.63 93

12



PCA-SVM sensitivity tests

Training and test result for PCA-SVM



PCA-SVM better than the others

4D SVM and 2D PCA-SVM obtained very

similar results Algorithm  Non faulty[%]| Faulty[%]
.. | 14D SVM 98.5 -99.6 98 -99.4
_ , 2 | 4D SVM 98 -100 98 -99.4
PCA-SVM performs better in fault detection Z | PCA-SVM 98 -100 98 -99.6
in On/Off experiment —
£ | 14D SVM 89-100 97-100
: . 5 2-1 -1
PCA-SVM is more robust and efficient £ P%) Asg\%d 9910000 991080
as it automatically select the dimensions o
&5 14D SVM 50-60 53-60.5
< | 4D SVM 55-60 54-61
S | PCA-SVM 85-86 95.5-96.4

PCA-SVM obtained the best result for the experiments above



Faults description

» Temperature offset 2
* Psuc offset 0.2 bar
* Pdis offset 1 bar

oC

15




Multi-class classification
Overview

Simscape



CNN for multi-class classification

non-faulty <«

» Can classify most of the classes
« Total accuracy: 94%
» 58% false positive

loose expansion valve

broken evaporator fan

18



Models comparison:
training/test results

& ) 2 >
& s Q&‘@Q & @&\% S
@O &Q > K‘b’\% N N
SVM 14 99.6% 0% 1.1 s
LDA 14 to 5 99.8% 0% 3.2 s |
CNN 14 04% 68% 112,55 |
PCA-SVM 14 to 2 55.4% 24% 7.2 S
LDA-SVM 14 to 5 96.6% 18% 1ls

LDA, SVM, LDA-SVM obtained the most accuracy, respectivly
False positive in LDA and SVM are perfect (training/test phase)
Prediction time of LDA is comperatively lower than the others
Training time is too slow in CNN and false positive is too high
Total accuracy for PCA-SVM is too low




No satisfatory results

Verification data in different operation conditions than training
* Non-faulty data is not identified
« Faulty data are not classified satisfactorily



models with more data variation

Adding variation of ambient temperature and setpoint to the data features

non-faulty\

l/Ps.uc positive offset

4

Tret negative offset Tret negative offset

4 4

blocked expansion valve blocked expansion valve

* density, and power consumption of the compressor are removed.

Tret possitive offset

loose expansion valve

/

L

blocked expansion valve

21



LDA-SVM for fault detection

model accuracy false positive prediction time

SVM 87% 70% 0.4 s

LDA 81% 100% 0.3 s
LDA-SVM 86% 0% 1.5 s,

22



Reseach remarks

PCA Vs LDA (binary classification or multi-class classification)?

« Data resolution is not important when using SVM until it preserve dynamic of the systems

« Careful selection of data size when using SVM.

« Best model selection: a trade-off among a high accuracy, low computation, and low false positive
LDA-SVM, a reliable model for fault detection with a 0% false positive
SVM, the most accurate model for fault diagnosis

LDA quick at prediction

» Careful selection of input data



Smart solution for performance monitoring

Data analysis algorithm




Zahra Soltani
zahra.soltani@bitzerdk.com
Bitzer Electronics
Senderborg
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Background

Ultra-low temperature freezers / Ultra-sensitive products

Biological samples é

 \accine /&y

Temperature-sensitive products

* Maintaining temperatures between -60°C and -86°C
is essential for sample integrity.

« Failure to detect faults can lead to sample loss and
significant financial and scientific setbacks.

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024



Background

Surveillance systems

- Monitor freezer temperature
- Flag alarms
- Visual inspection of temperature profiles

Untapped potential...

- Most data is not exploited

- Monitoring limited to internal
temperatures

- Limited automation

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024



Digital Oracle for ULT freezers- EUDP

Cloud-based surveillance system for ULT freezers
(Digital Oracle) to transform large amounts of data
into simple recommendations to:

« avoid inappropriate use of freezers

» detect the need for maintenance

* save energy

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024



Digital Oracle for ULT freezers- EUDP

Data source

* Region Sjaelland Biobank
o Statens Serum Institut

* Elcold

Data collection
Hardware for automatic data collection
e [ H Laboratorie Service

Data storage/sharing
Cloud-based solution for data storage/sharing
» Schneider Electric

Data analysis
Data analysis and algorithm development

« DIU Compute
* Danish Technological Institute

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024



Anomaly detection

|dentification of items, events or observations
which do not conform to an expected pattern or
other items in a dataset.

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024



Anomaly detection

Normal operation

|dentification of items, events or observations
which do not conform to an expected pattern or
other items in a dataset.

Repeated cyclic patterns under normal operating
conditions.

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024



Anomaly detection

Faulty operation

|dentification of items, events or observations
which do not conform to an expected pattern or
other items in a dataset.

Repeated cyclic patterns under normal operating
conditions.

Patterns disruption under faulty operating
conditions.

Variation in both:

* Trend
» Cyclical component

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024



Anomaly detection

Contextual Matrix Profile (CMP)
Pattern recognition algorithm that performs
all-similarity-join-search among timeseries.

CMP consists in scanning the entire time
series to find:

Motifs: repeated (or very similar) patterns.

Discords: subsequences that differ from
other subsequences in the time series
(could be interpreted as a detected
anomaly).

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Anomaly detection

STEP 1

Given a query subsequence (T11) and a distance
metric (d), we can «calculate the distance
between the query and each subsequence in
the subsequence set a.

O

d(i,j) =dist(T; ;, T;, ) = \/(Tu —T;1)?

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Anomaly detection

STEP 2

This results in a vector of distances D called

Distance Profile.

F.D'Ettorre

D;=1[d(i, 1), -, d(i, j), -+

Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Anomaly detection

STEP 3

Determining the distance profile for each
subsequence in the subsequences-set o

results in the so-called full distance matrix
(DM).

Full distance matrix

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Anomaly detection

The matrix profile value gives a measure of subsequence

STEP 4 similarity. If the value is:
Define the matrix proﬂle (MP) as the vector that « very low at some time index, then it means that somewhere
o ) else in the time series the subsequence is very similar.
stores the minimum distances between each
subsequence and its nearest neighbour « if the value is high, it means that the pattern is very atypical and
' represents a kind of anomaly in the data.
Full distance matrix MP
o
o

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024 14



Case study: Biobank data

Statens Serum Institute

Data from 53 ultra-low temperature freezers

« 10 years 1 minute-wise data
» Temperature data

* Event data

* Service reports

Data publicly available on Nature scientific data:

Huang, T. et al. Labelled dataset for Ultra-Low Temperature
Freezer to aid dynamic modelling & fault detection and
diagnostics. Sci Data 10, 888 (2023).
https://doi.org/10.1038/s41597-023-02808-6

Link to dataset

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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https://doi.org/10.1038/s41597-023-02808-6
https://lab.compute.dtu.dk/taohu/ult-freezers-labelled-dataset-sci-data.git

Case study: Biobank data

Matrix profile applied to internal temperature data (RTD sensor)

Daily-averaged values

Batch processing of one year of historical data

Sub-sequence parameters:

 Starting index: compressor turn-on
« Length: duty cycle length

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Case study: Biobank data

Matrix profile applied to internal temperature data (RTD sensor)

AN

F.D'Ettorre

Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024

17




Case study: Biobank data

Matrix profile applied to internal temperature data (RTD sensor)

Inter quartile range analysis to define anomalous observations:

Any value that falls above Y is classified as an anomaly

Q1= 1st quartile
Threshold = Q3 + 1.51QR Qs = 3rd quartile

IQR = Q3- Qy

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024

18



Case study: Biobank data

Anomalies filtered based on the inter quartile range analysis.

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Case study: Biobank data

Comparison between predicted anomalies and actual alarm events (event log)

Accuracy: 0.95

Precision: 0.55

Ve
.

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Case study: Biobank data

RTD

1st stage suction ter

nperai

ture

F.D'Ettorre
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Conclusions

Fault detection algorithm based on the application of the so-
called Matrix Profile to identify abnormal patterns in freezer
operation.

MP is an unsupervised learning method that makes no
assumption about the data: simple, intuitive, highly scalable,
transferable, and reduce the risk of overfitting < physical
interpretability

Successfully tested on offline temperature data from different
ULT freezers.

Provide guidelines for simple “rule-based” for system
monitoring and predictive maintenance.

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Case study: Controlled failure tests

Elcold ULT freezers

Experimental tests:

« Normal operation

Loading

« Frequent lid openings

* Lid not properly closed

« Fan damaged/unplaggea

« Dirty condenser

F.D'Ettorre

Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Case study: Controlled failure tests

Lid not properly
closed

F.D'Ettorre Digitalisation of Refrigeration and Heat Pump Systems | 04.07.2024
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Towards optimal predictive
maintenance in large-scale
heat pumps through digital
twins

José Joaquin Aguilera Prado
Consultant - Danish Technological Institute




Project: Digital twins for large-scale heat
pump and refrigeration systems

AFFALDVARME
AARHUS

{lt TLK-Thermo GmbH

e

More info in our website : https://digitaltwins4hprs.dk/

Danish Technological Institute | 2



https://digitaltwins4hprs.dk/

Common faults in large-scale heat pump systems
= Information from commercial systems described in the literature
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The challenge of fouling and its mitigation
= Growth of fouling-related thermal resistance on the same system

0.0040 !
—— Period 1 —— Period 3 —— Period 5 - Period 7

—— Period 2 —— Period 4 —— Period 6 —— Period 8

Thermal resistance [K/kW]

0 500 1000 1500 2000 2500 3000
Time [hours]

Source: (left) https://www.apexengineeringproducts.com, (right) W. Meesenburg, J.J. Aguilera, R. Kofler, W. B. ) ) )
Markussen, and B. EImegaard, “Prediction of fouling in sewage water heat pump for predictive Danish Technological Institute | 4
maintenance”, Proceedings of ECOS 2022;



Case study

= L arge-scale heat pump system affected by fouling

Heat pump characteristics:

= Nominal heating capacity: 2 MW

= Refrigerant: R-717

= Compressor type: Reciprocating

= Evaporator and condenser type: Plate-and-shell
= Heat source: Industrial waste heat

= Heat sink: District heating

A

5 Danish Technological Institute | 5



Digital twin-based CIP interval optimization

= Framework overview

Data retrieval and

Exergy-assisted CIP optimization

database

| pre-processing L ] |
! L Energy and Exergy Exergy 3
‘ Historical HE’ mass fIioVivs, destruction destruction 3
| operational Fouling thermal due to cost due to i
| data | _ _ . resistance fouling fouling _ |
: Cloud data | |HP simulation Online b | Exergy | Cost _| CIPinterval ||
% management e model calibration | 1| analysis " | allocation » optimization %
| | | 5 |
- . Optimal%
' | Power system i+ Day-ahead electricity price Lo clp |
| data service . P interval |
1 B v |
| | | Post- |,
| L L processing and | |
' | Operational cost | | CIP implementation and opportunity Gosts visualization | |
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System monitoring

= Digital twin for online monitoring of performance and fouling effects

Source stream pressure drop [bar]

Fouling Calibration CIP

dpso urce, meas dpm urce, sim

Initial Calibration

pe,meaS pe,ﬂm

0.8 8
0.6 - -6
0.4 -4
0.2 -2
0.0 e et O

0 3420 6840 10260 13680 17100 20520 23940 27360

Time [min]

Danish Technological Institute |

Evaporation pressure [bar]
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System monitoring | Dalad

= Characterization of fouling-related effects

1.5 hours 2 hours 3 days 2 hours 2 hours 2 days 2 hours 2 hours 3 days 2 hours

Fouling Fouling Fouling Fouling Fouling Fouling
calibration calibration [ calibration calibration | calibration calibration

Initial
calibration

Cleaning-in-place (CIP) system

a) le-3 b) 5.lel

15 100 100

E | Rth, clean MR, ¢ ¢ Ren r/ Ren | R dpsource, clean # APsource, £ 1 APsource | o

", —_ 2.

v 12 -80 = 4 - I 0D source, F 80

> 4 ¢ i 0 a | i L

o = S

S g- ¢ ¢ L 60 = o 3| i &

© 9 ¢ ¢ 60 < o3 60 S
+J > =

« . ¢ T 2 g T A - ke)

S 6 40 3 £2- 40 2

1] -

£ 3 Lo & 21 L20 3

g s ] B <

|E ko]

‘ 0 T T T T T T 0 ‘ 0 - - 0
1 2 3 4 5 6 1 2 3 4 5 6
Fouling calibration period [-] Fouling calibration period [-]
Source: ).J. Aguilera, W. Meesenburg, W. B. Markussen, B. Zuhlsdorf and B. Elmegaard, “Real-time monitoring and . . .
optimization of a large-scale heat pump prone to fouling - Towards a digital twin framework”, Applied Energy, 2024. Danish Technological Institute | 8



Exergy analysis derived from monitoring results

= Exergy -> Maximum useful work from an energy carrier

= Exergy destruction (Ep), assuming steady state:

EDZEF_EP_EL

= Ep, for operational periods with different fouling levels:

300

N N

o Ul

o o
1 1

150 ~

100 A

Exergy destruction, kW

u
o
1

1/NF1/F 2/NF2/F 3/NF3/F 4/NF4/F 5/NF5/F 6/NF6/F
Operational period / no fouling (NF) or fouling (F)

Source: J.J. Aguilera “Digital twin-based services for large-scale heat pump systems”,
Ph.D. thesis, Technical University of Denmark, 2024.

Component
Intercooler

LS EEV

HS EEV
Evaporator
DSH/Cond/SC
HS compressor
LS compressor

Danish Technological Institute |
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Fouling contribution to exergy destruction

CIP 1 CIP 2 CIP 3
. . 0.4 I I
3 Fogllng-related exergy destruction g e
ratio: - /E gg 0.3
Yo, = Ep,f/ Ep o
with o5 07 == —=—
. . . b-ld
ED,f = Ep — ED,clean £2o0.1 ===
3%
Lo
0.0 T
1 2 3 4 5 6

Operational period, -
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Characterization of O&M costs CIP process

= Total CIP costs
CIP 1 CIP 2 CIP 3

Yy ¥ ¥

—— Measured data
—==- Gradual Growth

Cciptotal = Ccrp + Cerpoc + Cp fcum

N
o
1

= Cumulative cost of fouling
t=Atcip

Cp fcum (Atcip) = f Cp () dt
t=0

=
U1
I

=
o
1

o
U

with: CD,f = Ceq] ° ED,f

Fouling thermal resistance, [1e-3 K/kW]

o
o

0 20 40 60 80 100

= Opportunity cost of CIP \ Time, days

t=Atgg
CCIP,OC(AtSS) =J Qsmk(t) Cheat — Wtotal(t) Cel dt ‘ I | AtCIp
t=0
CD f,cum
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Definition of optimal CIP interval

= Objective function based on total CIP costs

35
. —= Cap+Cap,oc ™" Co,fcum = Cap total
min Cciptotal = Ccrp + Cerpoc t Cp feum ot Car 0 pot
30 -
= Cost results for CIP 2 and CIP 3 B
g
S 20 -
CIP Atcip Cerp Ccipoc Ccip + Cei Cb fcum Ccip total S
process (h) (€1000/year) (€1000/year) (€1000/year) (€1000/year) (€1000/year) S e
CIP2 2185 4.7 9.5 14.2 17 4 14.4 % 157 "_'—""—'—'—'—'—-_—_:_-_7:.7—-"4‘-"—"-' -------- —
CIP3 2105 4.3 10.1 14.9 15.0 e
t 1 o]
5 .
0

2110 2120 2130 2140 2150 2160 2170 2180
Interval between CIP processes (A tep), hr
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Final remarks

Additional operational data is required for the
calculation of the optimal CIP interval.

Possible to compare O&M costs for defining a
cost-optimal CIP schedule.

Possible to describe the influence of fouling on
main HP components.

Results can assist in redesigning HP components
and control systems.

The framework could be extended to address

other faults leading to performance degradation.

13
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What is it?

« At the base level is a simple heat pump
model

« Built for CO2 systems, but can be modified
to model other refrigerants

 Steady state

« Subcritical and transcritical operation

e Written in C#

» Object oriented

» Based on individual independent
components that can be ‘dragged and
dropped’ together

Base CO2 HP model

Teknologisk Institut



What is it?

« Model can be expanded with advanced
features

« Examples

Heat recovery

Internal heat exchangers
HP/LP ejectors

Multiple suction stages

Integrate external calculation software from
component manufacturers (compressors,
heat exchangers, ejectors)

Calculation of optimal gascooler and
receiver pressure setpoints

Ejectors
L/
=
=P e
==
Heat \ l .
recovery

- — AN
Base model

Multiple T
stages EL!
Component
data

Expanded model

— setpoint
s calculations

Teknologisk Institut



What is it?

Ejector

—
GUI 000 g
‘/Optimal
setpoint

calculations

Multiple
stages

Manufacturer
data

Web service
Expanded model

Teknologisk Institut



Implementations - Custom Ul

C# desktop application

Teknologisk Institut



Implementations - Custom Ul

 Can be tailored to exactly
what is needed

* Includes
» Report generation

* Integration with an external
system

- Seasonal calculation

- Safety valve(s) selection

e Could be extended into a
true selection tool

Teknologisk Institut
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Implementations - Custom Ul

 Can be tailored to exactly
what is needed

* Includes
» Report generation

* Integration with an external
system

- Seasonal calculation

- Safety valve(s) selection

e Could be extended into a
true selection tool
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Implementations - EES function

EES C++ interface C# Model

DLL libraries

Teknologisk Institut



Implementations - EES function

e Callable via EES as an
external routine

« Debugging of DLL via EES is
possible

« With a similar setup, it is
also possible to call the
model from other code
languages

Function Information

(") Math and string functions
(O Thermophysical properties
(C) Heat Transfer & Fluid Flow
(_) Mechanical Design

() Component Library

?  Function Info

?

(JEES library routines

(® External routines

x

-MONTECARLO.DLL
-LIBR.DLL
-SSCLIBR.DLL
-NAPROPLIB.DLL

- CURYEFIT1D

- CURYEFIT1DT

- EESCPPDLL
--EESSMARTCD2

- LINEARREGRESSION
. MDAS

- MASA

-~ NH3H20

.. POPROP

Ex: |CALL EESSMARTCO2[X: ¥: 2 : R: 5)

Auto Load »* Done

Teknologisk Institut




Implementations - Web service

= ©=

Frontend C# model

Web service

Teknologisk Institut



Implementations - Educational web tool

e Accessed via a browser

* Intuitive graphical user
interface suitable for non-
experts

« Backend consists of our
model

Teknologisk Institut
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Implementations - Web service

Real heat
pump

Web service / real time model

Teknologisk Institut
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Versatile
simulation models
of heat pump and
refrigeration
systems with

Dymola
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Why to use a numerical model?

Cost

* Building a test prototype is expensive
 Time saving by running simulations over few seconds

Flexibility and control

« Parameter variation: possible to “map” the whole spectrum of application
 Simulate complex and/or numerous scenarios
 Reusability of the models: easy scaling and change of subcomponents

Insight and analysis

* Detailed data, which are not always available during tests
* Fault detection/simulation

Versatile simulation models with Dymola 2 Teknologisk Institut



Versatile language: Modelica

M M M model PolynomialCompressor
[ l l I— OI l Ia I I I l I IO e I I Ig al Igl Iage "Compressor for which the efficiencies are defined with manufacturers polynomials."

extends TIL.V idComponents.Compressors.SaseClasses.ParcialEffCompressor;

import Modelica.Units.Conversions.{to_degC,to_bar};

* Object oriented with component Mo e e s

a roa C h I.Temperat To "Saturated suction temperature™;
p p SI.Temperature Tc "Saturated discharge temperature":

meFlowRate volumeFlow "Volume flow rate in the compressor™;
5I.MassFlowRate massFlow "Mass flow rate in the compressor™;

I.VolumeFlowRate sweptVolume "Swept volume":
.Power power "Elsctrical power consumed by the compressor

Real capacity(
OoNn-causa S
min=0,
unit="1",
displayUnit="%") "Compressor capacity™;

Open source

To = to_degC(suctionVIEFluid.VIE.T_v);

Tc = if polynomials.useDischargePressureForPolynom then to_bar (portB.p) else
to_degC (dischargeVLEFluid.VLE.T_v);

capacity = n/50;

Dyna m i C m Od el | i ng //assuming 100% capacity at 50Hz

massFlow = 1/3600*capacity* (polynomials.massFlowCoefficients[1] + polynomials.massFlowCoefficients|
2]*To + polynomials.massFlowCoefficients[3]*Tc + polynomials.massFlowCosfficients|
4]*To"2 + polynomials.massFlowCoefficients[5]*To*Tc + polynomials.massFlowCoefficients|
£]*Tc”2 + polynomials.massFlowCoefficients[7]*To"3 + polynomials.massFlowCoefficients|[
8]*Tc*To"2 + polynomials.massFlowCoefficients[9]*To*Tc”2 + polynomials.massFlowCoefficients|

Graphical and text views

power = capacity* (polynomials.powerCoefficients[1] + polynomials.powerCoefficients|
2]*To + polynomials.powerCoefficients[3]1*Tc + polynomials.powerCoefficients[
4]*To"2 + polynomials.powerCoefficients[5]*To*Tc + polynomials.powerCoefficients]
6]*Tc*2 + polynomials.powerCoefficients[7]*To"3 + polynomials.powerCosfficients|
8]*Tc*To"2 + polynomials.powerCoefficients[9]*To*Tc”2 + polynomials.powerCoefficients|[
10]*Tc"3) ;

. Po.

/fIsentropic efficiency
effISEff = (isentropicDischargeVLEFluid.h - suctionVLEFluid.h)*massFlow/power;
isEff = effIskEff;

/#Volumetric efficiency
volumeFlow massFlow/suctionVLEFluid.d;
sweptVolume = displacement#n;

volEff = volumeFlow/sweptVolume;

end PolynomialCompressor:

Versatile simulation models with Dymola 3 Teknologisk Institut



General Modelling Procedure

Fitting models to historical data,
detailed simulations or online
measurements

Formulation of physical principles
Implementation as numerical
model

Structured libraries available
Generic and adaptable models

formulation

« Simulation of models for
different purposes
« What-if-analysis
« System & component design
« Benchmarking
« Fault detection & diagnosis
« System control

Evaluation if simulation results
are satisfying Evaluation

Derivation of adjustments in

formulation, parametrization,
application

Teknologisk Institut



The SmartCO2HP project

* Develop a CO2 heat pump in the
range 20 kW to 200 kW

* Online monitoring of the heat pump

» Water-to-water and air-to-water

* Receives funding from EUDP

SMART CO, HEAT PUMP

Versatile simulation models with Dymola 5 Teknologisk Institut



Water-to-water heat pump

Water )I\ Water
return 1 supply
1 ]
~_—]
Gascooler | [T
Internal Compressor
Heat Exchanger P
| -
N
EEV @X Receiver
~_T— - :-:
Evaporator | | I N~
" ]
Water (brine) ¥ A Water (brine)
outlet ' ' inlet

Versatile simulation models with Dymola

Teknologisk Institut



Model

Yang L, Li H, Cai SW, Shao LL, Zhang CL. Minimizing COP loss from optimal high
pressure correlation for transcritical CO2 cycle. Applied Thermal Engineering.

Versatile simulation models with Dymola

Components

* Plate heat exchangers from TIL Suite, calibrated
with measurements data

« Compressor adapted from TIL Suite, but using
polynomials following EN12900

« Simple correlation for optimal pressure

— potential for more realistic control
Inputs
« Temperature and flow in the gas cooler
« Temperature and flow in the evaporator

* Speed at compressor

— Can also run after setpoint on supply temperature

Teknologisk Institut



From model to results

1. The model is built in Dymola

2. The model is exported as an FMU (Functional
Mockup-Unit)
FMU is a single zipped file (*.fmu) containing a description
of interface data, functionality (code), calculation algorithm,

and eventually additional information (documentation,
tables/etc.)

3. The FMU is run in Python with measured
data (inputs of the model)

4. The measurements and calculations are
compared and the model is improved

Versatile simulation models with Dymola 8 Teknologisk Institut



Temperature [°C]

Temperature [°C]
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f - Model
' - Measurement
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\
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Water temperature
out of the gas cooler

Brine temperature out

of the evaporator
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Temperature [°C]

Temperature [°C]

Results
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40

35
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25

2022220 000000000sananensassasans

- Measurement
- Model

10:10 10:20
Apr 17,2024

10:30 10:40 10:50

55

50

45

40

35

Ry

- Measurement
- Model

Vergdtile simulation models'with Dymola
Apr 17,2024

15:20

15:30 10 15:40 15:50

Steady state
operation

Change of the
compressor speed
from 66 Hz to 40 Hz,
then to 66 Hz again
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Temperature [°C]

Pressure [bara]

Results

140
120
100
aa "2 AR
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40
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20
18:00 20:00 22:00 00:00 02:00 04:00 06:00 08:00
Apr 15, 2024 Apr 16, 2024
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60
- Model
50
40
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20
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temperature
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pressure
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Improvements to the model

: ; Discharge
' " temperature
? 120
% 100 .
dé' 80 i
” -  Measurement
“ / - Model
08:00 10:00 12:00 14:00 16:00 18:00
Apr 17,2024
« The model gives a much higher discharge temperature than measured
« Hypotheses:
« Heat losses at the compressor not considered
« Oil management is not present in the model
Versatile simulation models with Dymola 12 Teknologisk Institut



Future work

« Connect the model and run it parallel to the
measurements

— has already been done with a non calibrated
model for trial

« Add the possibility to run with ejector
— model ready but controls need to be finetuned
- Adapt the model for air-to-water unit

— integrate and model the defrost strategies

Versatile simulation models with Dymola 13 Teknologisk Institut



Conclusion

Modelling of heat pumps and refrigeration systems with Dymola is a fast and
efficient way to:

 Accurately estimate the performance of a system
« Conduct tests with limited test resources (test used for calibration)
- Better understand the system and detect faults

« Optimize the operation of the system by adapting the control strategies on
a "virtual test bench”

Versatile simulation models with Dymola 14 Teknologisk Institut



Questions and
answers

Pierre-Jean Delétre

Consultant, Danish Technological Institute
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DIGITALIZATION OF REFRIGERATION AND HEAT PUMP SYSTEMS

Scaling Digital Services for
Heat Pump Systems

Lasse Thomsen, 04072024
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Third Party
Services
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& Scenarios J

Digital Twins &
Simulations Platform

~

Platform

/

Sites &
Pages

J

.

/ Controls & Monitoring \

Third Party
Services
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sensors

Micro
services




Example 1: Energy Machines Verification (EMV) Micro Service

80 circuits online 6 refrigerants 6 circuit types



EMV API

A

Data

e

Y

[[ Workers ]

Results

EM Cloud




Algorithm

-

docker

kubernetes




Application Engineer

Algorithm Developer

A 4

v

Operator/Client
SW DevOps




Modularity

o T

o T

ne APl can be used for offline processing, testing and validation
ne code base of EMV and the Controls Systems are separated

ne service is simple to integrate for third parties



Example 2: Monitoring Thermal Storage Performance

From underground-energy.com

T



Value
* Monitoring operations and performance

* Ensuring sustainable operations for many years

* Analyzing potential in the storage
* Possible cooling and heating loads

Service

Interactive HTML Report in Controls System updated Daily






BTES Monitoring Service

[ Job ] Data Harvester: Reading measurement data to timeseries storage
Daily update (5 min run time)

Monthly update (10-12 hour run time) — report of coefficients and fitting

Model Forecast: Main simulation to forecast storage performance

|
__[ Job ] Model Correction: Updates model parameters based on data
[ Weekly update (1 hour run time) — report of simulation results

Job J

A 4

[ Job ] Analysis and Report: Performing data analysis on measured data and simulations
Daily update (5 min run time) — report for plant operators with high level analytics

L




Energy Machines Digital Twins & Simulations

Energy Machines Cloud
Controls & Monitoring

Report

Embedding

Platform
Platform Features App
Project User Input
Organizer Management Form
{ Compute J Scheduling Job
A
N
Timeseries Files
DB
Scenarios [
Ne—
Name + App

o

kubernetes docker

Getting

A 4

API

Data - REST

Sending Data -

\ 4

MQTT API




Client
Application Engineer

v

Algorithm Developer

\ 4

Apps & Jobs

Scenarios & Configuration

Report & Dashboard in
Controls System

SW DevOps

Platform Features

kubernetes



Thank you for your attention!
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