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What is a Zero Carbon Building (NZCB)?

A building that produces net zero GHG emissions across its entire life

NZCB ENERGY MIX 2050 Net-Zero Carbon Bu“dings (NZCB) 3 STEPS TO REACH LOW CARBON

Projected final electricity mix - EU-27 (2050)
Low carbon by design, powered by clean energy

o REDUCE DEMAND
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¢ BIOENERGY _‘(')’_ CLEAN ENERGY EXTERNAL SHADING ] « High insulation (walls, roof, floor)
77N On-site renewables 3 £33 T Redices cookiy »  Airtight building envelope
28% @ 5% for low operational ; e o B (n50 < 0.6 AC'H)
WIND OTHER RENEWABLES Caton improves comfort b * External shading
(geothermal, tidal, + Passive solar design
wave, otc.) « Efficient lighting & appliances
16% = BIO-BASED . _ P
"I HYDRO @ 2% MATERIALS 11’ i : EFFICIENT SYSTEMS
NATURAL GAS Timber structure | 1 . MVHR with heat USE EFFICIENT SYSTEMS
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FOSSIL FUELS o ' - Mechanical ventilation with
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Bl Oil & other fossil fuels ﬁ ENVELOPE S s . MVHR (heat ) E -+ Monitori
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0 Excellent insulation »  Natural ventilation +  Heat pump (low temp) + Demand response o i - ZERO
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B Reframing Zero Carbon Buildings Definition &
Why is the definition itself broken?
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The lllusion of Net-Zero Carbon Buildings

Reframing Zero Carbon

N

o
© uHiraaliy

$
UHI adds +3°C to +6°C

Q Design Assumption
S

Weather: TMY static file

eI )
""" -.r Tl .

MO i

& T outdoor actual: 32-36°C

T outdoor: 28°C

COP: 4.2 rated €3 COP actual: 2.8-3.4

Result:
Not zero carbon

Result:
Certified zero carbon

i L

rbon in a heat-stressed city

&, # LIEGE université
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The Performance Gap: Annual Balance # Real Performance

Reframing Zero Carbon

Modeled: Annual Energy Balance Reality: Peak-Hour Carbon (UHI-corrected)

static TMY weather file, no UHI actual performance, grid carbon intensity at peak

Net Energy (kWh/m?-month) Net Energy (kWh/m2-month)

" W Energy Use (kWh/m?) [l On-site Generation (kWh/m?) - I Energy Use (kWh/m?) [l On-site Generation (kWh/m?)
20 - 20 -
10 10 -
-10 - -10 -
'20 T -20 i - 7 e o
7 I, S g =
-30 — -30 i Peak demand +10-30%, i
Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan  Feb  Mar  Apr : grid carbon spikes 3-5x | Oct  Nov  Dec

0 Annual net = 0 kWh/m? — ZCB certified Cooling demand cop ﬁ Carbon spikes
1 10-30% 4 5-25% at peak load

» Modelled annual GHG emissions balance does not correspond to the monitored annual balance
&. # LIEGE université
t SBDLab &2



NZCB Meets Urban Microclimate

The physics of failure
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HVAC Physics: COP vs. Ambient Temperature

NZCB Meets Microclimate

Design Assumption Zone

m—— Air-Source Heat Pump (ASHP)
= = = Ground-Source Heat Pump (GSHP)

(20°C - 28°C)

6.0 -
UHI Zone
s (= 30°C)
Design: 25°C — COP 4.0,

~ 5.0 - rated specification
8
M
g [ UHI: 35°C — COP 2.9, J
¥= -27% vs design
g 4-0- .,1__----- 0 g
“6 -~ —~ < " -— -— — S
';é; s~~~ - .~~___~-
€ 30- 2756 C0p L s
§ e
A \ T=40°C
Q - COP 2.2
- i .\

1.0 T T T T T T T

10°C 15°C 20°C 25°C 30%C 35°C 40°C 45°C

Note: Values are typical for cooling mode performance.

Outdoor Ambient Temperature (°C)

Actual performance varies by system design and operating conditions.

SBD Lab — University of Liege - Prof. Dr. Shady Attia

it

Suburban (25°C)
« COP 40

¢ 100 kWh — 25 kWh elec.

* Close to design

E3JaL
st3rr

Urban +3°C (28°C)
e COP35

* 100 kWh — 29 kWh elec.
* 116% more electricity

Dense city +5°C (30°C)

« COP29

¢ 100 kWh — 34 kWh elec.
¢ 136% more electricity

ZCB electrification
increases sensitivity
to urban microclimate

¢ LIEGE université
SBD Lab
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Three Coupled Feedback Loops

NZCB Meets Microclimate

Loop 1 — The ZCB Efficiency Loop Loop 2 — Urban Morphology Constraint
UHI Intensity T, Density T System choice | Heat rejection T UHI T
+2°C to +6°C FAR > 3 HP clustering concentrated amplified
urban —
, ; EOB -
- E'ectriCity 1\, l‘\ amplifies I' K| = . COP \L,
& Emissions T iy ’,/ -5% to -25%
8 COP vs. Outdoor Temperature 8 penalty
5 ‘\ 25°C Loop 3 — ZCB Grid Loop
Cop= o 0 Elevated grid
9 i ~~<.___ COP20 ZCB Peak load 1 Grid carbon 1 Bon kit
il i S Electrification synchronized AC fossil peakers . :tn |:a<|e(n5|ty
R sl
Outdoor Ambient Temperature (°C) $
== Heat Rejection 7T,
2= re-enters
urban canyon
EEE' Net-zero buildings in dense urban clusters can still amplify UHI and peak grid carbon
1l el s

¢ LIEGE université
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Loop 2: Urban Morphology Constraint: The FAR Threshold

NZCB Meets Microclimate

EUROPE VS 5 CHINA
Low-rise - Balanced loads High-rise - Dense - Hot
5GDHC viable 5GDHC fails
4 FAR: 05-15
+3°C to +6°C UHI

&

e §$§ Supply: 30-45°C '
i e ::::-' i 88 Balanced H+C o ; Y™ FAR < 2

i @ ZCB feasible o e M b .‘ " j il i *aliisystemateasiole

‘ : - * 5GDHC/ATES viable

¢ Low-rise allows
heat distribution

X

Supplyso"C—v—'——!—.' ] PR WL e SEme FAR > 3
o » : R e : 2 0 * System choice

Return 22°C s e e— A8 : )
I | I & T ‘- ongested; -, 17 severely constrained

y ! : iable, "= 5  Subsurface too

' igh-temp demand 1: \ P congested

WARM STORE COOL STORE ) _
* 5GDHC physically fails

5GDHC - ATES - 30-45°C supply

EEE. Morphology determines feasibility before any calculation begins t ol



Loop 3: NZCB Grid LOOP: Electrification Amplifies Peak Carbon

NZCB Cascading Effect

Loop 1 — ZCB Efficiency Loop

UHI Intensity T,
+2°C to +6°C
{ urban

- Electricity T, /  7ZCB

. !
i~ Emissions T

v ol Heat Rejection T,
s & re-enters

! urban canyon

— Loop 2 — Urban Morphology Constraint
FAR > 3 System choice | Heat rejection 1 UHI. T
HP clustering concentrated amplified
e : p
= -> b -
Electrification Peak load T Grid carbon T carbon intensity
S synchronized AC fossil peakers at peak
—p- ==

o ZCB Electrification

All loads shift to electricity
Simultaneous AC demand at peak

Districts synchronize peak loads

N

Peak Load Amplification
Grid stressed at hottest hours
Carbon intensity 3—5x higher

Fossil peakers dispatched

s

~

Annual ZCB # Real Zero

Annual kWh balance hides peak
Hourly carbon tracking required

Time-of-use design essential

0000|0000 000

Vs

EEE.‘ ZCB shifts emissions from annual average - peak hours. The annual kWh balance hides the real carbon story

¢ LIEGE université
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Why Zero Carbon Buildings Fail?

Misdefined - Mismodeled - Misapplied

université



Misdefined “Zero": Three Blind Spots

Why NZCB Fails

a TIME blind spot

Grid Carbon Intensity
(gCO,/kWh)

1200 A

eak hour
0 p

900 -

600 4 annual avg

300 A

0

Jul Sep Nov Dec

Time of Year

Jan M'ar M'ay
® Annual kWh balance hides hourly carbon reality
® Peak hours = fossil peakers dispatched

® Grid carbon intensity 3-5x higher at peak

J

e SPACE blind spot

.

$ .ﬁm{, Jdr.'}% ) ﬂ E;O

X not in building model

® Urban heat island not in standard models
® Microclimate adds +2°C to +6°C in reality

@® Heat stress and cooling demand underestimated

J

€) SYSTEM blind spot

.

® UHI, HVAC and Grid modeled separately
@® No tool couples all three systems together
® |[nteractions and feedbacks are missed

EEE, A building certified on annual balance can be a significant carbon emitter at peak

&, # LIEGE université
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Heat Pump Limits in Dense NZCB Districts

Why NZCB Fails

| Air-Source HP — Urban Clustering Effect _ Ground-Source HP — Thermal Limits
A N Waste heat PEEE o ;5 i
i :) ( 4 released ' Max heat flux:

~0.08 W/m? ground,
limit before
thermal imbalance

Topsoil
Silty Soil Thermal

~3°C Cold Zone at Ground Level, Vi o Imbalance Zone
air extracted from surroundings -Sand / Gravel . ey o
‘ A 2 o Sl cooling-dominant

Cascade Effects of HP Clustering | : ZCS m;ferloagls

: . : i : subsurface in

=9 Airflow patterns disrupted in urban canyon @@  Each unit exports its problem to Clay / Silt

China context

.E Pollution dispersion reduced at street level DRREOS
_ I No model today accounts for Bedrock
6 Local humidity pockets + frost risk near ground ol this at district scale

{ A Heat pump limits in dense ZCB districts are physical, not theoretical

&, # LIEGE université
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Simulation vs. Reality: 15-40% Performance Gap

Why NZCB Fails

Simulation vs. Reality: 15-40% Performance Gap

kWh/m?

250 B Modeled, static weather, no UHI [l Actual, UHI-corrected, peak-hour == ZCB Target (Net Zero Carbon)
200

+28%
150

A A LR o . L . IR m = ANRL R

Rsidential Mixed-use |

-y

0 UHI not in weather files

¢ Standard TMY files predate
urban heat intensification

e Peak hour ignored

¢ Annual kWh balance hides
hourly carbon spikes

. N e No HVAC coupling

" @ e Building model isolated
from urban microclimate

Result: 15-40% deviation between

certified ZCB and actual performance

Local decarbonisation # Urban decarbonisation

ZCB reduces building demand — but increases urban heat rejection density.

¢ LIEGE université
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The Research Blind Spot

HP Cold Island — PET / UTCI

— What No Model Captures Today (Winter Scenario)

The Research Blind Spot — HP Cold Island - PET/UTCI

Urban Cross-Section: Thermal Stratification

Thermal
from Mass Heat Pump Deployment Waste heat rejected Stratification
by HP units Profile
Height 10 /)
above
ground
(m) 8
10
8 ' , =4 6 — Hotter
- HOT ZONE: +2°C to +4°C —' at 2-8m
6 - 2-8m Fwaste heat trapped 2-8m i
o I(*_&'.; *;j‘z‘*..-‘ﬁ
" T COLD ZONE: —2°C to -3°C — 2 -
| 0-2m = HP air extraction 0-2m, at°0_e2m
i pedestnan breathmg zone affected
(Ground) : 0 Q
~3°C cold pool — Temperature

Deviation (°C)

persists at pedestrian level

HP system perf.,
building loads

ﬁm ENVI-met

GAP — urban microclimate,
NOT COUPLED airflow, humidity

3 anywhere L P

EnergyPlus

4—>

PET / UTCI
pedestrian comfort

® N

~ <’

A A

Cascade Effects of Mass HP Deployment —
each urban HP unit exports its problem to neighbours

2 N

Airflow disruption s+ Pollution dispersion |

* Pollutants trapped at ped. level
bﬁ * PM2.5 concentration risk 1

« Canyon ventilation reduced
* Heat flushing impaired

PET / UTCI impact
NOT MODELED anywhere
Emerging research frontier

Humidity pockets [

 Moisture stratification formed
* Frost risk near ground

‘ ‘ The missing link between building physics and urban microclimate

¢ LIEGE université___J
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Comparative NZCB Pathways

China vs. Europe: why solutions are not transferable

université



Urban Morphology & Heat Demand Structure

Comparative NZCB Pathways

EUROPE — Urban Morphology & Heat Demand Structure CHINA —

Low-rise -
Balanced loads
5GDHC viable

FAR: 0.5-1.5
Supply: 30-45°C
Balanced H+C
ZCB feasible

SUPPLY
(30-45°C)

RETURN =>_n_: - ( WARM

(20-25°C) STORE | <

+3°C to +6°C UHI

Subsurface congested — ATES not viable

High-rise -
Dense - Hot
5GDHC fails

FAR: 3-8+
Demand: 130-160°C
Cooling-dominant
5GDHC fails

- 9GDHC - ATES - 30-45°C supply -~ - .- - . High-temp demand (130-160°C)
Balanced loads - Subsurface vnable e = Cooling-dominant loads

Viable aquifer (ATEs) Multiple utility conflicts

{ @ Urban form is the primary filter for ZCB feasibility — before energy, before technology, before policy. }

&, # LIEGE université

& SBD Lab 18/ 29



NZCB System Feasibility: EU vs. China

Comparative ZCB Pathways

EU ZCB Pathway — Low-rise - Low-exergy - 5GDHC - ATES/BTES China ZCB Pathway — High-rise - Waste heat - Sector coupling - High-T HP

Supply 1IZ d

(30-45°C) i

Return —————— e

AT SR MR e | ISR 2 e B
(20-25°C) » "WARM STORE ===~/ COOL STORE
(ATES/BTES) (ATES/BTES)

5GDHC Network (Neighbourhood Scale) ﬁ?:;i:;?;::giﬁﬁ 3;_/\1T6E0592;)t viable at scale
Cooling-dominant loads
Multiple utility conflicts

Low-exergy supply (30-45°C) - Balanced heating & cooling
ATES/BTES viable for seasonal storage

EU ZCB Strategy | China ZCB Strategy
@ Low-exergy supply temperatures (30-45°C) @ Radiant systems (TABS, ceilings, floors) @ Waste heat recovery from buildings and industry ‘

@ 5GDHC at neighbourhood scale @ Near-ZEB envelope standard @ Sector coupling (industry, data centers, incineration, etc.) ‘

@& ATES/BTES viable for seasonal storage & FAR < 2 — ZCB systems feasible © High-temperature heat pumps (120°C+) for high-grade heat
© FAR > 3 — 5GDHC physically fails |

&, # LIEGE université
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Why NZCB Solutions Are Not Transferable

Temperature Mismatch

Comparative NZCB Pathways

Q Spatial Mismatch @ Temporal Mismatch

1 Heat sources and sinks I/\ Generation peaks #
h not co-located ~.. demand peaks

EU: 30-45°C supply
matches low-T buildings

Eﬁﬂ Waste heat from industry _‘6’_ Solar surplus midday, China: 130-160°C demand
# building clusters D cooling peak evening needs high-T sources
@ EU can co-locate; Thermal storage required HP COP incompatible
dense China often cannot but rarely planned across system contexts

Temperature: system-level redesign

[ The geology sometimes says yes. The urban system says no. ]

Spatial: rethink network topology Temporal: thermal storage essential

o f LIEGE université
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District & Urban NZCB Systems

Energy—Heat—Water nexus - Research bridge

université



From Building to District: NZCB System Integration

District & Urban NZCB

ZCB RESIDENTIAL
Cooling demand

5{’ ZCB OFFICE
A¥  Cooling demand

@ INDUSTRY
High-grade waste heat
\

>
% SMART GRID

e Demand response

e Time-of-use tariffs

e Carbon intensity signal

e Flexibility assets

=== Cooling demand DISTRICT ENERGY HUB )
= .. e > —> ZCB as grid asset
== \Naste heat Thermal storage Y Waste heat /\/‘ Demand flexibility L J
BTES / ATES K./ recovery ’ l_lll + grid signal

i
DISTRICT HEATING SUPPLY (30-45°C EU / 80-120°C CN) —>
< DISTRICT COOLING RETURN

ZCB cannot be solved at building scale WATER NEXUS LINK

District: thermal storage + waste heat + demand balancing Cooling tower — water consumption
_-_— Storage < hydrology interaction

From building components to urban energy infrastructure

—> Nankai University research bridge

¢ LIEGE université
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Energy—Heat-—Water Nexus

District & Urban NZCB - Research Interface with Nakai Group

@ Urban Energy Balance

e Building loads - Grid exchange

— B e Waste heat flux - Solar gains s )
Heat — Energy e HVAC electricity consumption Water — Cooling
UHI raises T° — e ZCB peak load amplification Evaporation cools
cooling demand 1, . ) urban surfaces,

COP of HP |, ¢ Reduces peak UHI,
+15% to +40% energy -1°C to —3°C possible

\ By . 7

I 1
I 1
: URBAN :
[ ) METABOLISM, ( I
@ Urban Heat Balance coupled system o Urban Water Balance

e UHI intensity - HVAC rejection
e HP cold island formation

¢ Evapotranspiration

e Evaporative cooling potential
e Surface temperature fields S = i e e e e » e Blue-green infrastructure
e PET / UTCI pedestrian level water reshapes microclimate e Storage < hydrology

Energy, heat, and water are one coupled urban metabolism: ZCB must account for all three simultaneously

&. ¥ LIEGE université
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Design Implications for NZCB

Building scale - Urban scale

université



Design Implications: Building to Urban Scale

Architectural + HVAC Guidance

UHI DOME

* Radiant ceiling / TABS
. 16°C supply

Waste heat 1 ‘

_______________ | COP vs Outdoor Temperature

CoP
8
UHI raises
—————————————————— 6 ootdoor T° —
COP decreases —
4] energy use
2 increases
BTES / ATES
WARM STORE thermal storage COOL STORE 0 1 : : ; ; ;
(seasonal / short-term) (seasonal / short-term) -10 0 10 20 30 40

Outdoor Temperature (°C)

© QO el

Building Scale

Reduce heat rejection — not just demand

Radiant cooling & TABS (low supply T°)

Passive-first: form, shading, thermal mass

UHI-corrected weather files for ZCB design

™ Urban Scale

s @D B

Density-aware system selection
Limit HVAC clustering — cold islands
Integrate district thermal storage upstream

Green/blue infra as microclimate co-tool

HVAC systems are no longer building components: they are urban climate actors

&, # LIEGE université
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Simulation Coupling Implications: Building to Urban Scale

TRNSYS + UWG

Urban context Urban morphology parameterisation
-We need large scale tools = R |00 s
o % coveragera 1 1
and workflows for Urban Plan 8 g
Carbon Modeling and Urban Euyade-toysita oo amm
Climate Modeling rn i clevation (10101
-Coupling is the only way to Bwldmg ! = =T
capture extreme and intense I B m
. . q
hea?wave S |.mpa_ct instead of EEE B B
relying on historical weather l
d t sol-air temperature
aia fictive sky temperature Urban heat island Obstruction angles

l |

|

TRNSYS simulation

OUTPUT : Building Energy demand in urban context

Larger computational complexity, capacity and time

¢ LIEGE université
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Synthesis: Redefining Zero Carbon: Four Conditions

Conclusion

Time-Dependent,
hourly carbon accounting

Carbon intensity
(kgCO,e/kWh)

1.0

= Hourly carbon
= = Annual average

0.8 - Peak hour
0,6 -
0.4
0.2

0.0

1 2,000 4,000 6,000 8,000
Hour of year
Annual # true zero

* Peak hours drive real emissions
» Annual averages hide high-carbon peaks
e ZCB must hold at every hour

Hourly carbon tracking required

Zero at every hour, not just annual

Microclimate-Aware,
UHI as forcing variable

Higher outdoor T°
e UH) s
/7 5 S \

g ¥
i U H I Lower HP
cooling . ol
demand fO Irci ng :

ke /I

\

X ¥
N
Stronger UHI More waste

_ — heat rejection

UHI must be designed for

¢ UHI raises T° and energy demand
Degrades HP efficiency (COP!)
Waste heat intensifies UHI

* Requires UHI-corrected targets

.

Microclimate = design input

UHI-corrected performance target

System-Based,
district integration

Building District:
isolated shared systems,
thermal storage |

City:
grid coupling,
water nexus

oooo
COo0
oooo

ZCB alone is not enough

« Buildings interact through energy, heat, and water
« District systems cut peaks and improve efficiency

¢ City-scale coordination is essential
for true decarbonization

Scale up or fail to decarbonize

District-integrated ZCB target

> "
he

1

Thermally Livable, < NEW.”
PET/UTCI at pedestrian level /<

PET (°C)
Cold Very hot

I 10 20 30 40 50

HP array

Pedestrian
comfort,
impacted by
HP arrays

HP cold island — PET/UTCI coupling
HP clustering creates cold islands

Alters PET/UTCI at pedestrian scale
Comfort is a core climate outcome

The emerging research gap

EnergyPlus < ENVI-met coupling

Zero carbon + thermally livable

&, # LIEGE université
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Closing Statement

A net-zero carbon building is not net-zero carbon in a heat-stressed city
NZCB electrification increases sensitivity to urban microclimate

Annual balance hides the real carbon story: time, space, and system matter

Zero carbon must also be thermally livable: PET/UTCI at pedestrian level

We are not decarbonizing buildings.

We are redesigning urban thermodynamics.

SBD Lab — University of Liege - Prof. Dr. Shady Attia

&, # LIEGE université

28/ 29



Zero Carbon Buildings Under Urban Heat Stress

How Urban Microclimate Redefines Decarbonization Pathways
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* Reflection (K1)
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ENVI-met Microclimate Model Architecture

integrated simulation of fluid flow, heat and moisture transfer in the urban environment
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Governing equations: continuity, mamentum,
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POLLUTANT TRANSPORT
(OPTIONAL)
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TRNSYS simulation

OUTPUT : Building Energy demand in urban context
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MODEL COUPLING AND FEEDBACKS |
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TYPICAL MODEL CONFIGURATION

l Grid: Coctesion [Ox. Oy, 8z) * Domain size: spto-Thm  «  Vertical lyevs: stretched  *  Time stopc afaptive (CFL conditizs) = Outpute X0 fiaids of U T g radiation, fuxes, efc J
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