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1. INTRODUCTION
1.1. Sino-Swiss ZEB Project

In order to jointly address global climate change
and to strengthen cooperation between China and
Switzerland in the field of emission reduction in
the construction industry, the Ministry of Housing
and Urban-Rural Development of the People’ s Re-
public of China and the Swiss Federal Ministry of
Foreign Affairs signed a Memorandum of Under-
standing (MoU) on 24th November 2020. The Mem-
orandum is about the development of cooperation
in the field of building energy efficiency. Within the
framework of this MoU, the Swiss Agency for De-
velopment Cooperation (SDC) initiated and fund-
ed the Sino-Swiss Zero Emission Building Project.
The project aims to support China in formulating
the technical standard of zero carbon buildings and
long-term roadmaps for reducing carbon emissions
in the construction industry. Switzerland contrib-
utes by sharing know-how and use cases of zero
emission building demonstration projects in differ-
ent climate zones, while carrying out various forms
of capacity building activities, so as to ultimately
promote the carbon-neutral development of Chi-
na’ s construction industry.

Project Purposes:

Upgrading existing building energy efficiency
standards to Zero Carbon technical Standards

Implementing demo projects in 4 typical cli-
mate zones for testing the new ZEB standards
and finding optimization potentials

ZEB capacity building and knowledge dissem-
ination

Project duration:
Phase I: 15. Mar. 2021 - 28. Feb. 2025
Project Impact on climate protecting:
Reduce CO2 Emission in building sector

1.2. Demo projects Wuxi and
Dalian

1.2.1. Wuxi Demo project

In March 2022, the Wuxi Demo Project “Wuxi Fund
Park Il Construction Project (XDG-2007-Plot 37-
Mass C-2) 1# Building” was selected as one of the
2nd batch Demonstration Projects of Sino-Swiss
ZEB Project. The project commenced in June 2022
and is planned to be completed with its construc-
tion in Nov. 2024. The project, situated in Wuxi City,
Jiangsu Province, aims to establish a cutting-edge
low-carbon industrial park, including a zero-emis-
sion conference center, poised to become a new
cultural landmark for Wuxi’s financial industry.
With a total construction area spanning 210,980
square meters, this project seeks to pioneer the
region’ s first low-carbon digital industrial park tai-
lored to its hot summers and cold winters climate.
By implementing a range of low-carbon technolog-
ical measures, it anticipates achieving an annual
reduction of approximately 38 kg of CO2 emissions
per unit of building area. This underscores its signif-
icant potential for carbon reduction, positioning it
as a leading international low-carbon digital indus-
trial park.

1.2.2. Dalian Demo project

In March 2022, the Dalian Demo Project “Hutan
Donggou Plot Project In Zhongshan District” was
selected as one of the 2nd batch Demonstration
Projects of Sino-Swiss ZEB Project. The Project,
situated in Zhongshan District, Dalian City, encom-
passes a project construction area of approximately
161,130 square meters. The project’ s planning and
design criteria explicitly stipulate compliance with
energy efficiency standards outlined in the nation-
al standard GB/T 51350-2019, focusing on “nearly
zero-energy buildings.” Moreover, the project en-
deavors to eliminate traditional centralized heat-
ing systems. Through the application of innovative
green and low-carbon technologies, along with the
integration of renewable energy sources, the proj-
ect aims to significantly reduce energy consump-
tion across various areas, including air condition-
ing, heating, lighting, elevators, and domestic hot
water. This reduction will be achieved while ensur-
ing a high standard of indoor environmental qual-
ity, maintaining consistent temperature, humidity,
oxygen levels, cleanliness, and tranquility through-
out the residential area year-round.
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Figure 1 Rendering and Section of the Wuxi demo project in early planning phase. Source: Project Presentation 14.03.2023 ©CABR

Figure 2 Aerial view of Dalian demo project. Source: Project Presentation ©Urban Development Design Group



% SRR EITE SRR
Building a climate-neutral future together

1.3. Report summary

This report summaries the activities of the “e-Hubs
for Chinese ZEB Demonstration Projects (DP)”. The
selected DPs are located in Wuxi and Dalian. The
Wuxi Fund Park Il is being developed by Jiangsu
Xinhuiheng Engineering Project Consulting Co., Ltd.
The Dalian project, the Hutan Donggou plot proj-
ect, is being developed by Shengding Hutan Binhai
Real Estate Co., Ltd.

The aim of the project was to identify energy con-
cepts that would minimize the greenhouse gas
emissions of the buildings at both sites while
maintaining the business case. This objective was
achieved through the use of “multi-energy system
optimization”, also known as the “e-hub method”.
Based on this method, the tool provides a consis-
tent evaluation framework for comparing the im-
pact of energy system designs on emission reduc-
tions and for identifying optimal energy systems
through mathematical optimization. As web-based
software, the tool also enabled collaborative devel-
opment throughout the project and continued ac-
cess and adaptation of the resulting digital models
after the project was completed.

The main outcomes of the project include optimal
multi-energy system design alternatives for carbon
emission reduction for the DPs in Wuxi and Da-
lian. Digital models of the energy systems for each
demonstration case were developed in collabora-
tion with the stakeholders involved. The digital twin
models and optimal system design solutions were
disseminated.

The results of both DPs showed that holistic and in-
tegrated planning is a key factor for economically

First Design/ Zero Carbon

efficient emission reduction. Rather than focusing
only on investment costs, solutions were quantified
and evaluated from a life-cycle cost perspective,
which provided valuable insights. For both DPs,
optimal system designs were identified that meet
the standards of ‘low carbon building’, ‘near zero
carbon building’ and beyond. These results can be
used to guide further feasibility studies of the pro-
posed alternative system designs.

DP Wuxi

DP Wuxi’ s initial energy system design - prepared
prior to the start of the project - already meets low
carbon standards. The e-hub methodology was
used to evaluate options to further reduce CO2
emissions to achieve the Zero Carbon Standard.
These options included increasing thermal energy
storage and integrating PV panels on the south, east
and west facades. The analysis showed that these
measures would also achieve a 28% reduction in
life cycle costs compared to the initial system de-
sign and 41% reduction in CO2 emissions com-
pared to the first system design.

Further measures have been identified to go be-
yond the Zero Carbon Standard. These measures
include the implementation of full facade PV, the in-
troduction of batteries to increase energy self-con-
sumption, and the extension of the site’ s internal
thermal networks to enable greater coverage of
heat demand using the geothermal boreholes. De-
spite the higher up-frontinvestment required, these
measures enable a 13% reduction in life-cycle costs
and a 68% reduction in CO2 emissions compared to
the first design.

Beyond Zero

Low Carbon Standard Standard Carbon Standard
CO2 intensity 26.9 15.9 8.6
[kgCO2/m2/yr] (28.0) (-50% Ref.*) (<-50% Ref.*)
Life-cycle cost
[million CNY/year] 6 4.3 5.2
Capital Investment
[CNY/m2] 283 389 525
Conversion Technologies
[IMW] 11.7 10.6 10
Rooftop PV [MW] 1.6 1.6 1.6
Facade PV [MW)] - 52 7
Batteries [MWh] - - 5
Boreholes [MWAh] 4279 2597 2987
Thermal Storage [MWh] 0.6 2.3 10
Network [MW] - - 2.1

Table 1 Comparison of optimal alternative system designs versus the first design for DP Wuxi. (*Ref: GB55015 General code for ener-

gy efficiency and renewable energy application in buildings)
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DP Dalian

DP Dalian’ s initial energy system design - prepared
prior to the start of the project - already meets
GB55015 standards, but falls slightly short of Low
Carbon standards. The results of the e-hub meth-
odology identify several options to achieve Low
Carbon, Near Zero Carbon and Zero Carbon stan-
dards.

The Low Carbon Standard is achieved by replacing
traditional gas boilers with rooftop Photovoltaic
Thermal (PVT) systems, maintaining a similar capi-
tal investment while slightly reducing carbon emis-
sions compared to the initial design. To achieve the
Near-Zero Carbon Standard, the design has been
enhanced to include full coverage of PV panels on
the south-west and south-east facades, and the in-
troduction of thermal storage and batteries to fur-
ther increase energy self-sufficiency. For a further
refined Near Zero Carbon Standard, the design in-
cludes full facade PV coverage on the south-east,
south-west and north-west orientations, and a hun-
dredfold increase in battery capacity to maximize
self-consumption.

Alternative measures to achieve the Near Zero Car-
bon Standard and the Zero Carbon Standard with-
out significantly increasing capital investment in
the energy supply systems include the implementa-
tion of energy efficiency measures to reduce overall
end-use energy demand. However, these options
are beyond the scope of this study.

In both DPs, the integration of photovoltaic facade
systems on buildings was found to be crucial for
economically efficient emission reduction. This
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technology was initially considered uneconomical
by both DP teams. However, through the whole sys-
tem and life cycle perspective of the e-hub meth-
odology, it became possible to identify facade PV
as a favourable solution. The Sympheny algorithms
were used to calculate the optimal sizing of the
facade PV systems in relation to the sizing of the
other installed systems.

Certain limitations of these results should be noted.
Although outside the scope of the analysis in this
project, it is worth noting that in addition to explor-
ing alternatives in energy systems, energy efficien-
cy measures to reduce energy demand should also
be evaluated. Examples of such measures include
increasing natural ventilation, using shading and
implementing night cooling. In addition, the re-
sults need to be considered in the context of cer-
tain assumptions underlying the modelling work,
in particular the technology investment costs and
the definition of operational emissions. In this re-
port, only the amount of emissions reduced by
self-consumption, which reduces the need to im-
port electricity from the grid, is taken into account.
The export of electricity generated by PV panels is
not considered an emission reduction. However, in
some definitions, the export of electricity produced
by PV panels is considered as an emission offset.

The investment cost assumptions in each DP have
been approved by stakeholders. Depending on the
implementation stage of each DP, the accuracy of
these assumptions may vary. One major difference
in the assumptions between the two DPs is the cost
of facade PV panels. As facade PV is a key technolo-
gy for achieving emission reductions, these cost as-

First Design Low Carbon Near Zero Zero Carbon
Standard Carbon Standard
Standard
CO2 intensity 21.9 21.0 15.7 10.2
[kgCO2/m2/yr] (21.0) (16.0) (-50% Ref.)
Life-cycle cost 48 4.4 7.1 48.6
[million CNY/year]
Capital Investment 147 145 484 4009
[CNY/m2]
Conversion Technologies 55 34 3.4 3.6
[MW]
Rooftop PV [MW] 1.9 1.9 1.9 1.9
Rooftop PVT [MW] - 0.01 0.01 0.01
Facade PV [MW] - - 2 4
Batteries [MWh] - 0.03 0.4 36.9
Thermal Storage [MWh] 2 3 13 311
Network Pumps [MW] 3.7 35 35 3.6

Table 2 Comparison of optimal alternative system designs versus the first design for DP Dalian. (*Ref: GB55015 General code for

energy efficiency and renewable energy application in buildings)
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sumptions should be reviewed before proceeding
with the optimal system design alternatives.

Despite these limitations, the stakeholders involved
came away from the project better informed about
their system design strategies and the associated
impact on costs and emissions for their sites. And
they better understood the relevance of a whole
system, life cycle perspective to energy planning.

Beyond the system designs generated, the process
of iteration and refinement itself also served as an
important vehicle for knowledge transfer. For both
DPs, a series of workshops were held to verify and
refine the final models and to finalize the complete
results package. This results package included data
and interactive digital dashboards providing de-
tailed specifications of the optimal multi-energy
system solutions.

In addition, the approach facilitated a more de-
tailed and intuitive understanding of the trade-offs
between cost and emissions reduction. This was
made possible by the process of systematically
testing cost and efficiency assumptions - a process
that can be extended to include sensitivity analysis
to price changes to identify the key determinants of
performance and their relationship to price chang-
es. This can facilitate targeted market research on
new technologies.

Overall, it was a successful collaboration with a high
level of commitment from all parties. The insights
gained into the dynamics of the collaboration pro-
vide valuable lessons for future projects, empha-
sizing the importance of cultural understanding,
language preferences and thoughtful use of com-
munication channelsin international collaboration.
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2. INTRODUCTION TO SYMPHENY AND THE E-HUB METHOD

2.1. Sympheny: introduction
and contribution

Sympheny! is a spinoff of the Swiss research in-
stitute Empa, founded in 2020, with a focus on
multi-energy systems modeling and optimization,
and experience applying innovative “energy hub
(e-hub)” design methods in planning projects in
Switzerland and Europe. Sympheny enables a new
approach to decision-making in energy systems
planning for buildings, neighborhoods, and com-
munities. The basis for this is an innovative, cloud-
based software platform that enables holistic plan-
ning of energy systems, and the identification of
optimally cost- and CO2-efficient energy supply
solutions, for any site.

Sympheny is collaborating closely with the in-
tep-Skat team and advising the Chinese planning
teams of the selected Demo projects, aiming at
decarbonizing their energy supply with maximum
effectiveness and cost-efficiency by aiding planners
to efficiently assess a large scope of technology op-
tions and optimally utilize renewable energy sourc-
es and sector coupling opportunities.

This project is a collaboration between the
Sympheny team, intep-Skat team, and the Chinese
DP teams located in Switzerland and China, referred
to as the ZEB project team in this report.

2.2. E-hub method and the
Sympheny Web app

At the core of the approach is the use of algorithms
to support the identification of innovative energy
supply solutions that fit site and customer require-
ments. It aims to tackle challenges in planning fu-
ture-proof energy systems, particularly the escalat-
ing complexity driven by emerging priorities such
as net-zero CO2, energy autarky, positive energy,
and negative CO2 in building projects.

Achieving such targets requires maximizing the pro-
ductive use of on-site renewable energy sources,
optimally utilizing synergies and energy cascading
possibilities between energy streams and select-
ing the right combination of energy conversion
and storage technologies to temporally balance

1 “Sympheny.” Accessed: Feb. 04, 2024. [Online]. Available:
https://www.sympheny.com/

resource availability and energy demand patterns.
Standard energy planning approaches are insuffi-
cient to achieve these objectives. Symphony’ s soft-
ware enables the consideration and optimization of
multiple energy resources, energy streams, and en-
ergy demands - as well as numerous possible tech-
nical supply solutions —in an integrated way.

The energy hub model is the backbone of the ap-
proach, which have proven effective in identifying
optimal designs and control regimes for building,
district, and urban energy systems. The models, for-
mulated as mixed-integer linear programs (MILPs),
often are solved for the objectives of minimizing
total life-cycle costs and life-cycle emissions, offer
an advantageous balance of solution efficiency and
accuracy 2.

The main equations of the MILP problem are de-
scribed with (1) load balancing constraints that
ensures energy supply matches energy demand at
each timestep; (2) capacity constraints that ensure
all technologies (e.g., heat pumps, CHP units, bat-
teries) are operated within the defined capacities;
and (3) emission or cost constraints that cap the
allowable costs or emissions over a time period. In
the objective functions, the decision variables are
technology capacities and their operation sched-
ules:.

Building upon this backbone, the web app enables
users to specify their project requirements into the
MILP formulation, without requiring expertise in
mathematical modelling. With its user-friendly in-
terface and detailed graphs presenting results, us-
ers enjoy the comprehensive analytics for multi-en-
ergy system planning in a consistent, scalable, and
efficient manner.

2 L. A. Bollinger and V. Dorer, “The Ehub Modeling Tool: A
flexible software package for district energy system optimi-
zation,” Energy Procedia, vol. 122, pp. 541-546, Sep. 2017,
doi: 10.1016/].egypro.2017.07.402.

3 R. Evins, K. Orehounig, V. Dorer, and J. Carmeliet, “New
formulations of the ‘energy hub’ model to address opera-
tional constraints,” Energy, vol. 73, no. C, pp. 387-398, 2014.
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3. PROCESS & METHODOLOGY

3.1. Project structure

In the course of 6 months, from July to December
2023, the same processes were carried out with
both DPs simultaneously. The project unfolded in
three phases: it started with digital twin model-
ling (8 weeks, see Figure 13), followed by analyses
and discussions on optimal design alternatives (8
weeks), and concluded with training and knowl-
edge transfer (8 weeks).

The processes in the first two phases are described
in a “Four-step approach” in Figure 3. Through
weekly online exchange meetings, we engaged
stakeholders in all modelling and analysis steps,
aiming to familiarize them with the capability of our
approach and facilitate constructive collaboration.

In the final phase, we aimed to transfer our ap-
proach through multiple online training sessions to
the web app, delving into the details of the energy
system digital twin and result analyses. Both DPs
were provided with complete digital twin models
and access to the web app. In October 2023, in-per-
son workshops were conducted with both DPs to
reflect on the suitability and scalability of our ap-
proach in the Chinese context.

3.2. Four-step approach for
planning optimal multi-
energy systems

3.2.1. Step 1. Assessment of current
situation and identification of
objectives

In this step, the initial energy concept, specific
boundary conditions, and the relevant matrixes
to evaluate the resulting energy systems are ex-
changed between the ZEB project team.

Depending on the local policies and stakeholder’ s
resources and priorities, performance targets vary
in each project. It is crucial to align the definitions
and methods to quantify the performance targets
among stakeholders.

Within the framework of the Sino-Swiss Zero Emis-
sion Building Project, the main policy framework
is the “Technical Standards for Zero Carbon Build-
ings” 4 The carbon emission targets for buildings

4 “Technical standard of Zero carbon buildings - Exposure
Draft.” China Architecture & Building Press, Beijing, Jul. 26,
2023.
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are specified in four standards: low-carbon build-
ing, nearly zero-carbon building, zero-carbon
building, and whole-process zero-carbon building.
These standards are assessed based on the “Build-
ing carbon dioxide emission intensity,” which is the
per-floor-area equivalent carbon dioxide emissions
resulting from energy end uses and on-site renew-
able energy production. The emission accounting
method is detailed in section 9.3.

The second target is the total life-cycle cost, which
is of interest to the stakeholders to maintain a via-
ble business case. The life-cycle cost considers not
only the initial investment in technologies but also
factors in replacement costs, the operational and
maintenance costs, as well as costs for energy pur-
chase. This indicator reflects the benefits or disad-
vantages of additional technology investments in
the operational phase.

One of the strengths of the approach is quantifying
the marginal costs required for emission reduction
with the help of mathematical optimization. This
way, the DPs can better understand the trade-offs
for their energy planning decisions.

me— Assessment of current
N -— 1 situation and identification
of objectives

W o—
2 Development of energy
demand scenarios

'

Identification of available
energy resources and
technology candidates

l

Optimization and
evaluation of energy
supply variants

Optimized multi-energy
O system design

Figure 3 The four-step approach for planning optimal energy
systems.




3.2.2. Step 2. Development of energy
demand scenarios

To set up energy demand scenarios, the planned
development should be taken into consideration.
Relevant energy flows, their characteristics, and
potential synergies are identified. Depending on
the building use types, typical examples of energy
flows are electricity, heating, cooling, and fuels. For
both DPs, energy demands are specified with four
types of energy flows: electricity, space heating,
space cooling, and hot water. The required data
resolution for modelling is at hourly intervals over
a one-year period. The space heating and cooling
demand were acquired through building thermal
simulations, provided by both DPs.

For DP Wuxi, the main building uses are commer-
cial (office and complimentary restaurant use type).
The ten buildings, with a total of 116 000 m2, on-
site are supplied with three energy supply systems,
thus the buildings are grouped into three “Energy
Hubs” in modelling. The electricity demands from
buildings and electric vehicles were extrapolated
from weekday and weekend operations into a one-
year period, prepared by the ZEB project team.

For DP Dalian, the main building uses are 39
multi-residential buildings and the complimentary
schools and retail use types, with a total built area
of 161 130 m2. All of the buildings are grouped into
one “Energy Hub”, which is connected to another
“Energy Hub” which constitutes the energy pro-
duction center, which produces space heating,
space cooling, and hot water that is sent to the
building hub.

Hourly energy demand over a year was provided by
DP Dalian through building energy simulation.

3.2.3. Step 3. Identification of available
energy resources and technology
candidates

The goal of this step is to build up a project-specif-
ic data repository as inputs for the energy system
digital twin models. The data describes the relevant
boundary conditions decided together with the
stakeholders, which include (a) available energy
sources (e.g. solar energy, groundwater, geother-
mal energy, waste heat); (b) technical and econom-
ic parameters for energy production and storage
technologies; (c) existing (and planned) infrastruc-
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ture and grid connections on-site; (d) energy prices.

Working together with the DPs, the ZEB project
team compiled relevant data from various sources
including the internal databases of respective DPs,
and when data is unavailable, the ZEB project team
identified suitable local and international databas-
es.

We started by building the baseline model that rep-
resents the initial energy system design planned
by the respective DPs. In the baseline model, all
technology sizes are specified. To explore oppor-
tunities in cost and emission reduction, another
digital twin model is created based on the baseline
model, but with unspecified technology sizes and
additional new technologies and energy resources.
Table 3 lists the differences between the digital twin
models for the “Baseline” and “Expanded option
space.” The “Expanded option space” model en-
ables the assessment of a more comprehensive set
of possible energy system solutions and the subse-
quent identification of optimized design solutions.

Figure 4 DP Wuxi’ s site with ten buildings grouped in three
Hubs. The solid arrow between hubs 1 and 2 indicates the in-
ternal heating network in the initial project plan. The dotted
line between hubs 2 and 3 indicates the consideration of cool-
ing and heating networks. Figure Credit: DP Wuxi (base figure
with building footprints)
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Model Demand Energy Energy Technologies

Type resources Market

Baseline as per project as per project as per project as per project

plan plan plan plan

Expanded as per project additional as per project technology

option plan resources plan sizes as

space included as variables;

candidates additional

technologies
included as
candidates

Table 3 Two types of energy system digital twin models (“Baseline” and “Expanded option space”), and the corresponding assump-

tions.

3.2.4. Step 4. Optimization and evaluation
of energy supply variants

After setting up the project-specific data reposito-
ry, the energy system digital twin is complete and
ready for optimization. The outcomes of the opti-
mization are a menu of optimal energy system solu-
tions that minimize life cycle costs and operational
emissions. All the solutions are energy system vari-
ants yielding the lowest cost for a given emission
level.

Each optimal energy system solution specifies the
installed capacity of technologies as well as its
hourly operation over a year. As a result, all energy
flows, including the energy import from and export
to the grid, on-site resource utilization, and energy
production per technology, energy distribution per
network are quantified. The corresponding costs
are also detailed in terms of investment, operation-
al and maintenance, energy costs, and income.

10

This step includes several iterations with the DPs.
During workshops, the ZEB project team present-
ed optimal solutions and analyses to guide the DPs
to understand the impact factors and identify the
need for further model refinement. Refinement in-
volved adjusting cost parameters for technologies,
modifying the sizing constraints for technologies or
resources, altering technology configurations, etc.

The iteration and refinement process also serves
as an important vehicle for knowledge transfer. For
both DPs, a series of workshops were carried out,
to verify the final models with necessary refine-
ment, and to hand over the complete result pack-
age including data and result dashboard providing
detailed specifications of the optimal multi-energy
system solutions.
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4. DP WUXI: RESULTS & ANALYSES

4.1. Energy system digital twin

The main components of the digital twin include
the specification of the energy demand, renewable
energy resources, and energy system configura-
tions, see Figure 5.

Within the digital twin, the energy system config-
uration specifies how the energy conversion and
storage technologies are interconnected. An exam-
ple visualization for hub 1 and hub 2 are shown in
Figure 6.

Detailed data specifications are logged in the digi-
tal twin model on the web app, and the text file is
downloaded from the web app.

4.2. Potentials in costs and
emissions reduction

We started by exploring and analyzing the impact
of individual system design alternatives on cost and
emission reduction. The design alternatives range
from re-sizing each technology in the planned ener-
gy system, the inclusion of new energy conversion
and storage technologies, modifying system config-
urations, and increasing the on-site renewable en-
ergy utilization.

Energy Demand  BEiREES

- Space Heating HEREES

- Space Cooling LK

- Domestic Hot Water AERIK

- Electricity HEaEEk

- E-mobility R ZE AR

Energy Conversion {1EEISER:

- Rooftop PV BRI AR

- Ground-source heat pump HBJEHER

- GSHP (VRV) HBJEVRV

- Air-source heat pump &S VRV

- Chiller HEZ R
- Facade PV STEIFEAIR

Thermal Network JERERE 4.
- Hot water network (Hub1&3)

- Space heating network (Hub 2&3)
- Space cooling network (Hub 2&3)

Figure 7 presents the various degrees of impact
including additional energy storage technologies
(green), additional facade PV panels (orange), and
additional internal thermal networks (blue) com-
pared to theinitial project plan. Favorable solutions
are those with lower costs and emissions compared
totheinitial project plan (dots in the green shade in
Figure 7).

Compared to the initial project plan, the highest
emission reduction (88%) could be achieved with
the inclusion of all additional technologies, but at a
significantly higher cost and, therefore, are not con-
sidered feasible to implement. On the other hand,
several other solutions could achieve around 63%
emission reduction at a 25% increase in life-cycle
costs. It can be seen that the inclusion of additional
thermal storage technology only provides a small
impact on emission reduction, while including
facade PV demonstrates a strong potential in both
emissions and cost reduction.

Benchmarking all the solutions against the “Low
carbon building standard” and the “Nearly ze-
ro-carbon building standard”, the DP Wuxi project
has a strong potential to achieve the “Nearly ze-
ro-carbon building standard” and beyond.

Renewable Energy Resources BJFAEREREIR:
- Shallow geothermal )

B

- Rooftop solar irradiation  EIRAPHAE
- Fagade solar irradiation S HEAPHEE
Energy Storage fifEEIRTR:

- DHW storage PoKiE

- Boreholes HhH

- Cold water storage s

- Hot water storage fERE

- Battery FEith

Figure 5 Data specified in the energy system digital twin of DP Wuxi’ s site. The items in black are in both models for “Baseline” and
“Expanded option space”, while the items in green are only in the model for “Expanded option space.”

11



ﬁ A SR SRR AR
Building a climate-neutral future together

Technology Candidates

Import Candidates & On-site Resources.

Hub 1
e

Export Candidates & Demands

AFSHERTE Hubt

i

Hub 2

Import Candidates & On-site Resources

Technology Candidates
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It Hy Ambient Heat

R
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Figure 6 Visualization of the energy system configuration in Hub 1 and Hub2 for the DP Wuxi site. Credit: Sympheny web app.

4.3. Key actions to reduce costs
and emissions

Figure 8 shows the life-cycle cost breakdown of the
first design (baseline) as well as the optimal system
alternatives (solutions A, B, and C in Figure 7). In
the system from the first design, the majority of the
cost is energy expenses, while in the optimal sys-
tem alternatives with facade PV (solutions B and C),
the energy expenses decrease by around 60%. This
is because a portion of the electricity that was ini-
tially purchased from the grid is supplied by facade
PV. With the increase in upfront technology invest-
ment, the operational expenses decreased and
thus brought down the overall life-cycle costs.

4.3.1. Energy storage

Introducing energy storage, such as other thermal
storage and batteries, contributes to emission re-
duction by increasing the self-consumption of re-
newable energy. To achieve the “Nearly zero-car-
bon standard”, the ideal solution should be similar
to the system described by solution B, with the
addition of other thermal storages. However, note
that the definition of emission offset could impact
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the emission value ((see section 9.3). Regardless of
their contribution to emission reduction, resizing
boreholes and other thermal storages can help re-
duce investment costs on conversion technologies
and/or boreholes with optimal sizing.

4.3.2.Facade PV

Facade PV is indispensable for achieving the “Near-
ly zero-carbon standard” and “Zero Carbon stan-
dard.” The south, east, and west facade surfaces
are prioritized for PV installation, with the northern
surfaces also required to meet the “Zero Carbon
standard.”

Even though adding facade PV increases the invest-
ment cost by 37% compared to the first design, the
overall life-cycle costs are lowered due to the in-
creases in energy sales.

4.3.3. Other energy efficiency measures

Additionally, to meet the “Zero Carbon standard
(solution C), implementing thermal networks that
supply part of the space heating and cooling from
Hub3 to Hub2 reduces both energy consumption
and investment in conversion technologies.



4.4. Knowledge transfer and
adoption

We have demonstrated that holistic and integrated
planningis a crucial enabler for economic emission
reduction for the project in Wuxi. The benefits of
low-carbon technologies are quantified and evalu-
ated from a life-cycle perspective. This perspective
is often less highlighted since the usual practice fo-
cuses more on the investment costs.

These results could serve as a guide for further fea-
sibility studies of the proposed alternative system
designs. Throughout the series of workshops, we
engaged in in-depth discussions on the optimal op-
eration strategies of hot water storage systems and
their impact on the overall system. The Wuxi team
now comprehends well the interdependencies of

Alternative energy systems

that achieves emission
reduction while reducing
life-cycle costs

35 /

IEFAHRI TS SIEPFIAIRE %
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technologies on-site as, well as the opportunities
for cost and emission reduction that could be un-
locked with integrated planning.

These digital twin models not only serve as the
inputs for mathematical optimization but also
function as comprehensive repositories for all en-
ergy-relevant project data. It serves as the basis
for further adjustments to analyze the impacts of
decisions throughout the project implementation
cycle. Furthermore, part of the energy system con-
figuration could be efficiently reused across various
development sites.

The DP Wuxi team was convinced of the value of
our approach and has since adopted it at another
site for project acquisition, with the assistance of
the ZEB project team.

-------------------------------------------------------------- Reference(GB55015)

------------- Low carbon(-30% or 28 kg/m2/yr)

------------ Near-Zero carbonS—45% or 23 kg/m2/yr)
............ Zero carbon(-50%

® expanded with networks
© expanded with facade PV
o ©® expanded with storage

%  first design

S 0] 28 kg/m2/yr
g 25 1 A
o e 23 kg /m2/yr
B 201 up to 63%
- |- emission T
= 157 reduction
o with-25%  upto88%
£ 109 | O costs. emission
N : .
O &5 e reduction
O
®
0 y o y T
0 10 20 30

Life-cycle Costs [M CNY/a]

50

Figure 7 CO2 emission intensities and life-cycle costs of the planned energy system, and the optimal system design alternatives with
additional technology options and optimal sizing for the DP Wuxi site.

First Design

Zero Carbon Standard

Beyond Zero Carbon Standard

Rooftop PV

Facade PV

Boreholes

Other Thermal Storage
Batteries

Conversion Technologies
Network

-1000 0 1000 2000

3000
Life-cycle cost per component [k CNY/year]

4000 5000 6000 Energy Expenses

Energy Sales

Figure 8 Life-cycle cost per technology group in the first design as well as two other optimal system design alternatives for DP

Wuxi’ s site.
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5. DP DALIAN: RESULTS & ANALYSES

5.1. Energy system digital twin

The main components of the digital twin include
the specification of the energy demand, renewable
energy resources, and energy technologies, see Fig-
ure9.

Figure 11 presents the energy system configuration
of the digital twin model with “Expanded option
space,” which is expanded based on the baseline
system. The baseline energy system uses a cen-
tralized sewage heat pump system to supply space
heating and cooling demands. The pumping re-
quirement and thermal losses in the distribution
networks are specified in the “Pump” technology
model. While the hot water demand is supplied by
building-level gas boilers. In the expanded system,
the available surfaces for facade PV installation are
grouped by the surface orientations, and the re-
spective areas and hourly irradiations from each
facade group are specified in the model.

Energy Demand  BEIRZEK: Renewable Energy Resources BJEB&ERERER:
- Electricity HEEE:S - Sewage heat TSR

- Space Heating  {HEEZEK - Rooftop solar irradiation  EIRAFHAE
-Space Cooling 8 ES - Fagade solar irradiation S HEABHEE
- Domestic Hot Water 4E5E#7K

Energy Conversion {HEEIEE: Energy Storage fiBBEISHS:

- Sewage heat pump 57KJEIRER - Cold water storage fiE21E

- Gas Boiler PARENIKEE - Hot water storage fEREE

- Rooftop PV BIYEAR - DHW storage PIKEE

- Rooftop PVT ETUHAWR - Battery FEth

- Facade PV SHEYEARIR

Figure 9 Data specified in the energy system digital twin of DP Dalian’ s site. The items in black are in both models for “Baseline”
and “Expanded option space”, while the items in green are only in the model for “Expanded option space.”
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Figure 10 CO2 emission intensities and life-cycle costs of the planned energy system, and the optimal system design alternatives
with expanded technology options and optimal sizing for DP Dalian’ s site.
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Figure 11 Energy system digital twin with “Expanded option space” for DP Dalian’ s site. Credit: Sympheny web app.
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5.2. Potentials in costs and
emissions reduction

Based on the first design, the design alternatives
range from re-sizing conversion and storage tech-
nology in the baseline, the inclusion of new energy
conversion and storage technologies, and increas-
ing the on-site renewable energy utilization. Figure
10 presents the various degrees of impact from in-
cluding additional energy storage technologies (or-
ange), replacing rooftop PV with PVT and including
additional facade PV panels (green) compared to
the first design. The favorable solutions are those
with lower costs and emissions compared to the
initial project plan. However, in this case, very few
alternative design solutions fall into this category
(e.g., solution A), and when they do, the marginal
benefits are small.

The solutions with expanded thermal storage tech-
nologies only provide a small impact on emission
reduction, while including facade PV demonstrates
a stronger potential in emission reduction. Howev-
er, it comes with increases in the overall life-cycle
cost (e.g., solution B, C).

Benchmarking all the solutions against the draft-
ed Standards for Zero-carbon Buildings [4] for
residential buildings, the initial project plan is 4%
and 28% above the low and nearly zero-carbon
standards respectively. DP Dalian’ s site can easily
achieve low-carbon buildings with similar life-cycle
costs but would require more than a 46% increase
(solution C) in life-cycle costs to reach the Nearly ze-
ro-carbon building standard.

5.3. Key actions to reduce costs
and emissions

Figure 12 shows the life-cycle cost breakdown of
the first design as well as the optimal system alter-
natives (solutions A, B, C). Solution A achieves Low
carbon building standards at comparable costs as
in the first design.

5.3.1. Photovoltaic Thermal

The emission saving in solution A mainly comes
from replacing the gas boiler with roof PVT (photo-
voltaic thermal), thus reducing gas consumption.
Another portion of the cost savings comes from
slightly smaller conversion technologies thanks to
the additional heat storage.

5.3.2.Facade PV

Facade PV is crucial to further decrease emissions
(solutions B, C) but in higher life-cycle costs com-
pared to the initial project plan. Although the ener-
gy expenses decrease by 35-45% with the utilization
of facade PV, the investment costs of the facade PV
exceed the cost savings. The assumptions for the
investment costs of the facade PV significantly im-
pact the overall life-cycle costs. In the assumption
made with DP Dalian, the facade PV system costs
twice as much per kW as the rooftop PV systems. If
assuming that both facade PV and rooftop PV arein
a similar price range, it will result in an overall cost
reduction for solution B.

For the project site, it is beneficial to install facade
PV on the southwest and southeast-facing surfaces.

First Design -

Low Carbon Standard -

Near Zero Carbon Standard

Zero Carbon Standard -

Conversion Technologies
Rooftop PV

Rooftop PVT

Facade PV

Batteries

Thermal Storage

Energy Expenses

Energy Sales

0 10000 20000

30000

40000 50000

Life-cycle cost per component [k CNY/a]

Figure 12 Life-cycle cost per technology group in the initial project plan as well as four other optimal system design alternatives.
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In solution B, the southwest and southeast facade
surfaces are installed with PV, while in solution C,
all available facade surfaces, including north-east-
ern and north-western orientations, are covered
with PV panels. To increase self-consumption and
decrease emissions, batteries are being installed.
The hourly operation results from project team’ s
optimization show that the batteries primarily store
the renewable electricity produced from the south-
western facade during noon for later use in the eve-
nings. However, note that the definition of emission
offset could impact the emission value (see section
9.2).

5.4. Knowledge transfer and
adoption

We have demonstrated the effectiveness of integrat-
ed multi-energy planning in identifying effective
strategies foremissionreduction. Thisapproach can
quantify the associated costs at different levels of
emission reduction. After understanding the trade-
offs in costs and emission reduction, our approach
could also facilitate a systematic examination of as-
sumptions related to costs and efficiencies. Using
the same modelling framework, the project team
could conduct sensitivity analyses on price trends
to identify components with high impacts on sys-
tem performance and determine their ideal price
range for economic feasibility. This enables more
targeted market research for new technologies.

Considering the temporal dynamics of energy re-
source availability and demand, the suggested sys-
tem configurations provide design guidelines that
are otherwise not straightforward to analyze. For
example, the optimal facade PV distribution for cost
and emission reduction does not merely involve
maximizing capacity on the surface that receives
the highest irradiation.

The DP Dalian team is proficient in building energy
modelling and simulation and could swiftly grasp
the web app interface. They also recognize the po-
tential for more substantial benefits in more com-
plex projects, such as those involving diverse build-
ing use types, multiple hubs, and a broader array
of technologies. This acknowledgement highlights
the scalability and adaptability of both their exper-
tise and the E-Hub platform, paving the way for im-
pactful applications in complex project scenarios.

I FATHREITIE SURFFBIRF
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6. LESSONS LEARNED

6.1. Integrated multi-energy
planning in practice

In this project, we showcased the benefits of inte-
grated energy planning for achieving cost-effective
emission reduction in two distinct Chinese devel-
opment sites. Based on our experience with the
two DPs, we found that the available data, although
requiring some assumptions, was adequate for de-
livering convincing system solutions. The follow-
ing paragraphs summarize the observed standard
practices and potential gaps, providing insightsinto
transitioning this approach into common practice.

In terms of technology data and implementation,
both DPs possess robust knowledge and experi-
ence in common technologies. They are also strong
in implementing certain key low-carbon technolo-
gies, such asboreholes, ground-source heat pumps,
and sewage heat pumps. Although the analysis
highlights the strong emission reduction potential
of fagade PV systems, both DPs express less interest
due to a lack of practical experience. Despite cost
competitiveness, additional efforts are needed to
provide comprehensive market research and best-
case examples to encourage further exploration of
the feasibility of this technology.

In terms of data regarding energy demand and re-
sources, both DPs are familiar with these datasets,
although they primarily use less detailed infor-
mation (mostly annual aggregation). However, for
multi-energy planning, having temporally resolved
datais crucial for optimizing the sizing of renewable
and storage technologies. Improved real operation-
al knowledge could enhance the analyses for both
DP sites by refining certain assumptions. For exam-
ple, there might be overestimation in cooling ener-
gy demand, and the seasonal variations in sewage
temperatures are unknown. When time allows, this
gap could be partially addressed with sensitivity
analyses and scenario analyses.

The standard practices are already facilitated with
similar datasets for multi-energy planning, but the
integrated approach to systematically combine
the data in the same level of detail has yet to be
adopted. Achieving a comprehensive district per-
spective and considering all types of constraints
simultaneously are the crucial steps to respond to
enhanced emission regulations that may not have
been economically achieved without integrated
planning approaches. Therefore, it is imperative to
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transform standard practices to adopt this integrat-
ed approach to ensure more effective handling of
complex multi-energy systems.

6.2. Influence of policy on
energy planning

In line with China’s dual carbon targets, it is an-
ticipated that more energy-related policies will
be introduced in the building sector. The policy
framework could directly impact the planning deci-
sions for energy systems. Example of such policies
include implementing building code, carbon tax,
emission certificates, subsidies, incentives, renew-
able energy targets, renumeration mechanisms,
framework for local community ownership of re-
newables, energy market reform etc.®.

The policy reference for this project is the “Techni-
cal Standard for Zero Carbon Buildings.” It is antic-
ipated that this building code will be mandated for
future buildings and districts. One of the indicators
outlined in this standard is the “Building carbon
dioxide emission intensity,” defined in equation 2
(see section 9.2). Notably, this equation considers
renewable energy export to grids as emission re-
duction. This method incentivizes maximizing on-
site renewable energy production, and requires suf-
ficient grid capacity for grid feed-in.

On the contrary, this report follows equation 1,
where renewable energy export is not consid-
ered as emission reduction. This approach pro-
motes self-consumption and requires an adequate
amount of energy storage to balance the mismatch
between energy production and consumption.

Policy makers should conduct regional scale analy-
ses on grid capacity and the associated grid expan-
sion costs under various policy scenarios. These
analyses will help comprehend which policies
could achieve maximum impact (e.g., emission re-
duction) while ensuring appropriate cost allocation
and technical feasibility. Other policies and market
mechanisms mentioned above are not yet clearly
specified for the Chinese context. Given the lifes-
pan of energy systems often more than 20 years, it
would be beneficial to understand what could be
anticipated. A well-defined policy roadmap for the
next 20 years could assist the building sector in ef-
fectively aligning with rapid carbon reduction tar-
gets and avoiding lock-in effects.

5 “20 Renewable Energy Policy Recommendations,” Inter-
national Energy Agency. Accessed: Feb. 05, 2024. [Online].
Available: www.eudenergy.iea.org



6.3. Feasibility of virtual
international collaboration

This project is a collaboration between the
Sympheny team, ZEB China team, and the Chinese
DP teams located in Switzerland and China. The
collaboration was mostly completed via online ex-
changes. A physical meeting was held in October
2023 for result discussion and training workshops.
Overall, it was a successful collaboration with great
level of engagement from all parties.

Weekly online exchange schedules were estab-
lished between the ZEB project team and the Chi-
nese DP teamsin the beginning of the project, prov-
ing to be an effective format for ensuring progress.
During the weekly exchanges, the ZEB project team
introduced specific topics related data collection
and their potential impact on results, achieving a
dual purpose. Firstly, it aids DP teams in efficiently
collecting data with a clear understanding. Second-
ly, it facilitates knowledge transfer on the aspects
such as the impact on energy system performance,
methodologies, alternative data resources, and in-
ternational building standards. While this exchange
format is effective for step 1-3, and step 4 could be
enhanced with in-person training at the very begin-
ning of the project.

Certain exchanges are more effective if carried out
in-person. The workshop held in Beijing in October
2023 with all DP teams was effective. It was a meet-
ing with over 20 participants engaged in discussions

SRS SRRHSRR g
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that might not have been as dynamic in an online
setting. To enhance the adoption of the web-app,
an initial one-day, in-person workshop could have
been beneficial. Such an approach might have fa-
cilitated subsequent online exchanges during re-
sult analysis and model iterations (step 4).

The primary language of collaboration between the
ZEB project team and the Chinese DP teams was
Mandarin. Although the Chinese DP teams have a
basic proficiency in English, the project could not
have been as efficient and effective if carried out
in English. Most members in the DP teams prefer
and are more open to communicate in Mandarin.
Relationship building is also crucial for establish-
ing trust and fostering an open environment for ex-
change. This includes the use of WeChat as means
of communication. It is observed that the DPs are
more willing to provide feedback and clarify ques-
tions promptly via WeChat compared to email ex-
changes.

All the above factors were crucial for the success-
ful and timely completion of the project. Building
a strong collaborative environment through struc-
tured exchange formats, language preference con-
siderations are particularly vital. These insights
into the dynamics of collaboration of this project
offer valuable lessons for future projects, empha-
sizing the significance of cultural understanding,
language preferences, and the thoughtful use of
communication channels in international collabo-
ration.
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7. OPEN QUESTIONS

When interpreting the results and incorporating
them into further decision-making, several open
questions should be considered. The most import-
ant points are the cost assumptions on facade PV
panels, the assumptions on end-use energy de-
mand, and the definition for operational emissions.

These assumptions have been approved by the
respective DPs at the time of the project, with the
best knowledge available depending on the imple-
mentation stages of the respective DP. The projects
and analysis are designed in a reusable manner, al-
lowing for future iterations to update assumptions
easily.

7.1. Cost assumptions for
facade PV panels

The investment cost assumptions in each DP have
been approved by the stakeholders, but the accu-
racy of these assumptions may vary depending on
the implementation stage of each DP. One major
difference in the assumptions between the two DPs
is the cost of facade PV panels. As facade PV is a
key technology for achieving emission reductions,
these cost assumptions should be reviewed before
proceeding with the optimal system design alter-
natives. At the time of the project, both the Dalian
and Wuxi DPs had no experience of implementing
facade PV and no accurate price data.

Therefore, the cost assumption for facade PV is
supported by this analysis © 7, which summarises
the implementation experience in Switzerland. The
general trend of the cost assumption for BIPV sug-
gests that the facade PV could replace the tradition-
al cladding and substructure, and therefore should
be subtracted from the total cost of the facade PV
system for a fair comparison.

Based on this information, DP Wuxi agreed to align
the cost of facade PV with the current cost of roof-
top PV, while DP Dalian, taking a more conservative
approach, decided to set the cost at twice that of
rooftop PV. As a next step, we suggest gathering in-
formation from implementation data in China.

6 SolAR, “THE COSTS OF BIPV,” Solarchitecture. Accessed:
Aug. 28, 2023. [Online]. Available: https://solarchitecture.
ch/the-costs-of-bipv/

7 Joint Activity Scenarios and Modelling (JASM), “Decentral-
ized energy conversion technologies.” 2020. [Online]. Avail-
able: https://data.sccer-jasm.ch/energy-conversion-decen-
tralized_technologies
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7.2. Assumptions on end-use
energy demand

The end-use energy demand data for buildings
were provided by the respective DPs via energy
simulation. During the previous exchange, some
Swiss experts suggested that the end-use demand
for space cooling is on the higher end. This requires
further adjustment of the expected use patterns in
terms of setpoint temperatures, operating hours
and ventilation preferences. In China, according to
the DPs, the function of air conditioning goes be-
yond providing thermal comfort, it also plays a cru-
cial role in providing air filtration to ensure indoor
air quality.

Although outside the scope of the analysis in this
project, it is worth noting that in addition to explor-
ing alternatives in energy systems, energy efficien-
cy measures should be evaluated to reduce energy
demand. Examples of such measures include in-
creasing natural ventilation, using shading and im-
plementing night cooling.

7.3. Definition for operational
emissions

The method used to calculate operational emis-
sions impacts the energy system design and oper-
ational strategies of the sites. According to the draft
of “Technical standard of Zero carbon buildings”
[4], carbon emission offsets could be achieved by
exporting renewable electricity produced on-site to
the grid (see equation 2 in section 9.3). In this case,
it does not incentivize the self-consumption of on-
site produced renewable electricity.

In this report, emission reduction is accounted for
only the number of emissions reduced through
self-consumption (see equation 1 in section 9.3),
which decreases the import of electricity from the
grid. Exporting electricity produced from PV panels
is not considered as emission reduction. This cal-
culation method quantifies the impact of the emis-
sion reduction of the project site. Both accounting
methods could be implemented in this model,
however, due to time constraint, both DPs agreed
on using this accounting method.

Typical impacts on system design between these
two accounting methods include the sizing of re-
newable technologies (e.g., PV panels) and ener-
gy storage technologies (e.g., batteries, hot water
tanks, cold water tanks).



Further comparative analysis on optimal system be-
havior under these two accounting methods could
be valuable for policymakers. Such analysis can
help set performance targets and the correspond-
ing accounting methods that encourage adoption
of renewable technologies while avoiding negative
side effects, such as grid congestion.

I FATHREITIE SURFFBIRF
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