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Abstract

Urban building portfolios are often represented as aggregate demand, obscuring the
different effects of temporal shifting and net energy reduction. We construct dispatch-
oriented portfolios from hourly records for 143 screened Shenzhen buildings and eval-
uate them in a two-stage framework. A Guangdong DC optimal power flow supplies
boundary prices and an offer-derived provincial average operational emissions proxy
to a Shenzhen carbon-constrained dispatch model, which represents shifting and re-
duction with separate variables and costs. At the upper stress-test portfolio share of
0.60 and a 0.60% tighter emissions budget, energy-neutral shifting reduces modeled
Shenzhen-subsystem operating cost by 0.389 million RMB (0.268%) while leaving the
accounted-emissions-budget dual nearly unchanged. With a 2% daily limit and a 200
RMB/MWh reduction cost, 1,480 MWh of reduction is economic without the emissions
constraint. Applying the tight budget raises reduction to 2,283 MWh and changes the
budget dual from 242.5 to 88.4 RMB/tCO;. Shifting therefore provides mainly tem-
poral operating-cost value, whereas net reduction can additionally relieve a binding
accounted-emissions budget. The paired cases support distinct product definitions for
the two services.

Keywords: Urban buildings; Building aggregation; Demand flexibility; Carbon-constrained
dispatch; Emissions-budget dual; Shenzhen

1 Introduction

Buildings account for roughly one-third of global final energy demand, and the buildings and
construction sector produced 34% of energy-related CO, emissions in 2023 [1, 2]. Residential
and commercial buildings are expected to contribute the largest absolute growth in global
electricity demand between 2025 and 2030 [3]. In dense cities, this demand is both concen-
trated and heterogeneous: offices, retail buildings, hotels, public facilities, and mixed-use
buildings differ in load magnitude, end-use composition, operating schedules, occupancy be-
havior, and flexibility shares. These loads could provide peak management, import schedul-
ing, operating-cost reduction, and emissions-budget services if their flexibility is represented
explicitly.

Demand response has long been studied as a smart-grid resource, with reviews emphasiz-
ing both its system value and the barriers to routine participation [4, 5]. Building efficiency
and flexibility are also increasingly treated as grid resources rather than only as end-use con-
servation measures [6]. Demand-response models typically represent dispatchable load and
operating costs, building-energy models resolve end uses and comfort, and carbon-accounting
methods apply baselines and emission factors. These representations do not always distin-
guish an energy-neutral shift from a verified net reduction. The distinction matters because
the first changes when electricity is consumed, whereas the second also changes how much
electricity is consumed.



Load-pattern clustering supports customer segmentation, typical-curve extraction,
anomaly detection, tariff design, and forecasting [7], while representative-period methods
reduce temporal complexity in energy-system optimization [8-10]. For dispatch studies,
statistical similarity alone is insufficient: the aggregated input must retain absolute scale,
controllable end-use envelopes, adjustment limits, and exposure to time-varying price and
emission signals. Clustering can organize heterogeneous profiles, but it does not create
additional flexibility or establish its physical deliverability.

Building-flexibility research has advanced in HVAC control, thermal inertia, heat-pump
aggregation, occupant comfort, and building-to-grid interaction [11-13]. Related work cov-
ers urban building energy modelling [14], coordinated building-cluster flexibility [15], local
energy markets [16], emission-aware demand response [17], and electricity-carbon signal de-
sign [18]. A subsystem valuation must connect measured-building aggregation and explicit
product definitions to operating-cost and emissions-budget outcomes.

We address this gap with a subsystem valuation framework that converts hourly building
records into portfolios retaining total load and controllable AC load on their physical scale.
A-type flexibility represents energy-neutral shifting, whereas B-type flexibility adds a sepa-
rate, bounded net-reduction action. A provincial DC-OPF supplies fixed boundary signals to
a city model that minimizes generation, import, flexibility, and load-shedding costs subject
to an operational emissions budget.

Outputs are reported separately as subsystem operating-cost saving, accounted emissions,
the emissions-budget dual, and reduction-availability values. Matched B-type cases with and
without a binding emissions budget distinguish cost-driven reduction from the additional
response induced by the budget. The three-archetype representation is benchmarked against
a 143-building dispatch model. These comparisons quantify the operational consequences
of treating temporal shifting and delivered energy reduction as separate demand-response
products.

2 Methods

2.1 Overall portfolio-valuation framework

Fig. 1 summarizes the workflow from building records to subsystem valuation. Each portfolio
retains total demand, the controllable AC envelope, adjustment limits, and action costs.
Portfolio value is measured by changes in the Shenzhen-model objective and by the dual
values of binding city constraints.

Panels (a) and (b) construct physical-scale typical-week portfolios. The provincial DC-
OPF in panel (c) produces the two fixed boundary signals shown in panel (d): import price
and the provincial average operational emissions proxy. These signals are held fixed while
the Shenzhen model in panel (e) co-optimizes local supply, imports, and building flexibility,
so city decisions do not feed back to provincial dispatch. Panel (f) defines the matched
comparisons and reported outputs.



2.2 Building archetypes and scalable market portfolios

The dataset contains 148 annual hourly load files. Three files could not be matched to
the building metadata and were excluded before feature construction. For the remaining
145 buildings, each file contains 8,760 hourly observations for lighting and plug loads, AC,
motive power, special loads, and total demand. Let p; ,, 5 . denote power in kW for building 7,
complete week w, hour h, and end-use category c, and let A; be its floor area. The screening
and clustering feature uses the area-normalized mean across 52 complete weeks:

~ 1 Piw,h,c
e = —— Diwhe — p—=1,...,168. 1
] 2 "

The remaining 24 annual hours are not used. The profile is vectorized across hours and the
five end-use categories as

X; = vec (@,hﬁ)he']’,eéc ? (2)

and the feature matrix is standardized before clustering.
A k-means procedure is used to obtain representative building archetypes. With K
archetypes, the assignment z; and centroids my, solve

; 2

The silhouette score over K = 2,...,8 is highest at K = 5, as shown in Supplementary
Table S6. The K = 5 solution contains two singleton clusters: one with isolated extreme
spikes and one with an all-zero AC channel. Removing these abnormal meter profiles leaves
143 buildings in three substantive groups of 96, 15, and 32 buildings. The diagnostic uses
random seed 0 and 10 initializations; the final fit uses 20 initializations.

For the retained 143 buildings, the dispatch profile is recomputed as the median across
the same 52 complete weeks:

Dih,c = median (%) ) (4)

weW; i

This second step reduces the influence of remaining weekly spikes without changing the
group assignments. The curves used for dispatch are reconstructed on the original physical
scale rather than taken from standardized k-means centroids. With S, = {i : z; = k}, let

1
A = E Ay, Ak e = T E AiDites (5)
1€SK k 1€Sk

where ¢, is the area-weighted per-area profile of archetype k. The total-load and
controllable-AC portfolio prototypes used in dispatch are therefore

7 proto __ -3 _ T ac,proto __ -3 _
Lk,t =10 Aka,t,toh Lk,t =10 Aka,t,aca (6)



where 1073 converts kW to MW. Fig. 2 displays the area-normalized profiles gy ., whereas
Egs. (6)-(9) provide the physical-scale loads used in dispatch. The final input contains a
168-hour total-load profile and AC envelope for each archetype.

To examine system response at different portfolio scales, the archetype loads are multi-
plied by a scenario share p, defined as the share of weekly Shenzhen-subsystem electricity
represented by the scaled building profiles. Let At =1 h, let £°" =" D;°"*At, and let

K
Eproto _ Z Z zzftotoAt (7)

teT k=1

be weekly archetype-sample energy. The scaling factor is

- pEZOTl,e
8o =2 ®
The scaled subsystem-level baseline total load and AC load of archetype k are
LY (p) = B) LR, Ly (p) = Blp) Ly, (9)

To avoid double-counting subsystem electricity demand, the residual non-participating load
1s

K
DI (p) = D~ 37 18, (o). (10)
k=1
The scenario share is limited so that D" (p) remains nonnegative at every hour:
p _ mln DfOneEpTOtO <11)
max proto

K =
t
zone Zk:l Lkﬂf

In the case study, pmax = 0.603 marks the residual-load non-negativity ceiling and defines
the upper bound of the stress-test range.

2.3 A-type and B-type building flexibility

A-type flexibility represents energy-neutral shifting. Let S;,t > 0 and s, > 0 denote upward
and downward shifting power. B-type flexibility adds hourly net reduction r;; > 0. The net
adjustment and realized load are

+ - 0
Akt = Skt = Skt — Thits Lyt = Ly, +ape = 0. (12)

Upward shifting is bounded by the AC envelope. Downward shifting and net reduction share
the downward envelope so that the same controllable load cannot be used twice:

0< s;t < aZpLth’O, Spt T Tht < agow”LZi;o. (13)
The realized adjustment is subject to a cyclic weekly ramp constraint,

—Ry <apy —ap < Ry, Ry = K max Lift’o. (14)
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Here ¢~ is the preceding hour, with the first hour linked to the final hour of the 168-hour
horizon. Shifted energy is conserved within each day:

D (st —sp)At=0,  Vk,d. (15)

teTq

The amount moved between hours and its disutility cost are

. ]_ 3 1 SNt
BN = 23 (sf, 4 sp)AL O = 23T G (st 4 s )AL (16)
k‘,t k,t

The factor 1/2 counts one upward and one downward MWh as one MWh shifted. Thus csmf !

is charged once per MWh transferred between hours. A-type operation fixes 7, = 0 and
therefore changes timing without changing daily energy.

B-type operation allows net reduction in addition to energy-neutral shifting. Daily de-
livered reduction is

Ryt =Y g, (17)

teTq

and is limited as a fraction of daily AC baseline energy:

0< R <me Y Li°At. (18)

teTq

Its cost is separate from shifting cost:

Ored ZZ red red. (19)

A net reduction of 1 MWh is charged only through C™¢ at ¢;*d. Equations (12)—(19) de-
fine aggregate market-product envelopes that enforce power, energy, and ramp limits. Their

physical deliverability is assumed; indoor temperature and thermal dynamics are not mod-
eled.

2.4 Provincial boundary-signal model

The upper layer extracts the external market conditions faced by Shenzhen. It is formulated
as a provincial DC-OPF with nodal demand, dispatchable generation, fixed injections, line
limits, and high-cost feasibility terms for data closure. These terms are penalized strongly
and enter only when historical inputs are otherwise infeasible. The line-flow formulation
follows the same base-MVA convention as the input network data; in the case study Spese =
100 MVA. The decision set is

Qprov — {Pprov Pprov eprov féurov eprov Pbal (20)

g,8,t yYn,t yvn,t



The compact upper-layer optimization problem is

min D o PEY AL+ VOLLY 5 At + C Yy~ PriAt (21a)

t’gvs t,n t,n
st PR =" Py Vg1, (21b)
0< Py <P, Vg,s,t,  (21c)

7OV Sbase 0V TOoU
;,t = ZE—g (951@” - 9?(@)7,5) ) Ve, t, (21d)
—F < iy < R, Ve, t, (21¢)
S PR P 4 Pl — (DR - )
gegn
D D e S vn,t, (21f)
m:(n,m)eL m:(m,n)eL

0< 677" < Dy, Vi, t, (21g)
P >0, Vn, t, (21h)
oy = 0, Vi, (21i

)
Equations (21b)—(21c) describe piecewise-linear dispatchable generation; Eqs. (21d)—(21e)
describe the DC network; Eq. (21f) gives nodal balance; and Eqs. (21g)—(21i) close the
feasibility and angle-reference conditions. The dual variables of the provincial nodal balances
provide the nodal marginal prices used to build the Shenzhen import-price signal.
The first boundary signal is the import price,

2: zone \ prov

Cimp _ neNzone Dn,t )‘n,t

t 2 : zone
neNzone Dnat

where Dj%" is Shenzhen-subsystem-related load at provincial node n. The second signal

(22)

applied to imported electricity is

pTov fiz,prov bal bal
t - DT Oov pTOov .
Do Dndt = 3

Equation (23) computes an offer-derived provincial average operational emissions proxy per

(23)

unit of served electricity. It is applied to Shenzhen imports as an accounting factor, not
as a flow-tracing or marginal-emissions measure. Summary statistics for the two boundary
signals are reported in Supplementary Table S8.

2.5 City-level carbon-constrained dispatch and marginal values

The city subsystem is a single-zone equivalent with local dispatchable generation, fixed
injections, external imports, residual demand, and flexible building portfolios. No Type-A
fixed injection is mapped to the Shenzhen subsystem in this case, so P/ = 0 and E/* = 0;
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fixed-injection emissions remain part of the provincial proxy in Eq. (23). Given the fixed

boundary signals, the decision set is

city __ loc loc imp + - red var tot
Qe = {P P Pt 7£tva,t7Sk7t7sk7tark,t7Rk,d7E 7E }

9,807 7 gt

The dispatch problem is

. loc mmp pimp
min E Cqs Pyt At + E ¢, TPTPAL
t,9,s 3

1 Shl t - re e
+5 ; I (st 4 s )AL+ Y R + VOLL 2 LA

k,d
st. Pl =Y P, Vg, t,
S
! i
OSPg,Osc,tSPg?sc? Vg,S,t,

Zpgl?tc + Ptimp + Ptfim
g

— Dtother + Z Lk,t . £t7 Vt7
k
0< P™ < P, vt,
0< £ < DY + 3" Ly, v,
k
Lig =Ly, + 58, — spy — o >0, Yk, t,
0< s;t < aZpLth’o, vk, t,
Sy >0, ey 20, s gy < azow"LZi’O, Yk, t,
— Ry < agy — apy- < Ry, Vk,t,
> (st — sp) At =0, Vk, d,
teTq
Rt =" A, vk, d,
teTy
0< Ry <me Y Ly At = Yk, d,
teTq

Erer — Z <Z ,ngglitc + eimpptimp> At,
g

t
Etot — Efz:r: + E’U(ZT7
Erer < Captot<5) o Efzm . ’ucap'

red

(24)

(25a)

(25b)

(25¢)

(25n)

(250)
(25p)

For A-type cases, 1y, = R;% = 0; B-type cases use the stated value of nz. The objec-
tive measures modeled Shenzhen-subsystem operating cost, combining local generation cost,

import procurement cost, flexibility disutility, and any load-shedding penalty. Participant

settlement and carbon-allowance transactions are outside the model.



The total cap is defined relative to the Base-case weekly emissions Fj as
cap () = (1 — ) Ey. (26)

Let E{* = Ey — E'™ denote the baseline controllable-emission component. The effective
tightening imposed on this component is

CCmet((S) _ Efz'm
E(i))ar :

(6 =1— (27)
The accounted-emissions-budget dual is the marginal modeled subsystem operating cost of
tightening Eq. (25p) by one additional ton of COs:

cap

TCOy = —H 7, (28)

where the minus sign follows the solver convention. Similarly, when Eq. (25m) binds, v,’fg =
—v;% is the net decrease in optimized subsystem cost from one additional MWh of available
daily reduction for that portfolio and day. The results report subsystem operating-cost

saving, accounted emissions, Tco,, and v;%¢ separately.

Ethics statement

This study used pre-existing facility-level building energy-monitoring records and power-
system operational data. No human participants were recruited, and no individual-level or
identifiable information about building occupants was collected or analyzed. Ethics approval
and informed consent were therefore not applicable. Data access and processing complied
with the applicable confidentiality and third-party data-use agreements.

3 Case study and scenario design

3.1 Guangdong-Shenzhen test system and Shenzhen building data

The case study uses a Guangdong provincial power-system dataset to derive boundary signals
for a Shenzhen urban subsystem that incorporates the 143-building sample.

The city subsystem is identified from Shenzhen-related buses and loads in the provincial
data and represented as a single-zone equivalent. The resulting three archetypes are sum-
marized in Supplementary Table S1. The 168-hour horizon provides a common basis for
controlled comparisons across product definitions.

3.2 Accounting assumptions and scenario settings

Table 1 summarizes the implementation. The load-shedding penalty is 10,000 RMB/MWh
and the flexibility ramp coefficient is k = 0.15. Scenario shares are p € {0.2,0.4,0.6}; the
largest value approaches the residual-load ceiling and serves as the upper stress test.
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Each flexibility case is compared with rigid demand under the same emissions budget.
Base emissions, absolute cap levels, cap slack, solver status, and matched-reference outputs
are retained as verification records and will be provided to editors and reviewers upon request.

The main Carbon-only scan uses 0.05%-0.60% tightening, with 0.10%, 0.20%, and 0.60%
selected for flexibility comparisons. A diagnostic extension shows no load shedding through
1.00% tightening; at 1.20%, 587.8 MWh of shedding appears. The main range is therefore
inside the no-shed region while spanning the rise in the budget dual from 24.6 to 242.5
RMB/tCO,. B-type cases are run both without an emissions constraint and at the 0.60%
budget to separate ordinary economic reduction from carbon-induced response. The import-
ceiling binding-hour diagnostic for the main comparison cases is reported in Supplementary
Table S7.

3.3 Validation checks

Validation covers four points: boundary-price signs, no-shed feasibility, local perturbation
of the emissions-budget dual, and aggregation resolution. The latter compares K = 1,
K = 3, and 143 separately modelled buildings under identical product parameters. Data
and AC-envelope consistency checks are reported in Section 4.5.

3.4 Use of artificial-intelligence-assisted tools

OpenAl’'s ChatGPT and Codex assisted with English-language editing and consistency
checks. They were not used to generate data or conduct analyses. The authors checked
the resulting edits and take responsibility for the manuscript’s content.

3.5 Code availability

The custom code used for data processing, clustering, dispatch optimization, and result
generation is available from the corresponding author upon reasonable request for non-
commercial verification.

4 Results

4.1 Building profiles and aggregation resolution

The three groups have different weekly schedules and AC shares, as summarized in Supple-
mentary Table S1 and illustrated in Fig. 2. Cluster 0 contains 96 buildings and 76.95% of
the used area; clusters 1 and 2 contain 15 and 32 buildings. They preserve the observed
timing patterns and differences in controllable AC load.

Common flexibility bounds and costs make the three-cluster representation descriptive.
The K = 1, K = 3, and 143-building comparison in Section 4.5 quantifies the aggregation
error directly.



4.2 Rigid-demand response to the emissions budget

In the Base case (Table 2), weekly modeled subsystem operating cost is 144.652 million
RMB, import energy is 723.52 GWh, and accounted emissions are 546.36 ktCO,. At 0.60%
tightening, cost increases by 0.258% and the budget dual is 242.51 RMB/tCO,. All rows
remain load-shedding-free.

The response is dispatch substitution (Fig. 3). Between 0.10% and 0.60% tightening,
local dispatch decreases from 30.67 to 15.90 GWh/week and imports increase from 726.59 to
741.36 GWh/week. Under the adopted proxy, the model satisfies the accounted-emissions
budget by replacing local dispatch with imports even though import-accounted emissions
rise. This is an accounting response to the proxy, not evidence of a province-wide physical
emissions change. The nonlinear dual curve reflects the piecewise-linear supply frontier.

4.3 A-type shifting: subsystem operating-cost effects

Fig. 4 compares A-type dispatch with rigid demand under the same emissions budget. At
p = 0.20, weekly subsystem operating-cost savings are 0.130-0.132 million RMB across the
selected budgets. At p = 0.60, they are 0.389-0.396 million RMB. The tight-budget saving
is 0.268% of the rigid-demand subsystem cost.

Across the reported cases, the budget-dual change remains within 1.63 RMB /tCOs. Shift-
ing can change accounted emissions by moving demand across the hourly proxy, but it does
not change daily electricity use. Under the study-week proxy, A-type shifting therefore pri-
marily reduces cost. Its emissions effect may differ under a temporal marginal-emissions
signal.

At a portfolio share of 0.60 and an emissions-budget tightening of 0.60%, broader bounds
and lower shifting costs increase savings, as shown in Supplementary Fig. S1. With down-
ward/upward bounds of 0.2/0.1, savings decrease from 0.443 to 0.376 million RMB as the
shifting cost rises from 40 to 120 RMB/MWh moved. With bounds of 0.4/0.2, savings simi-
larly decrease from 0.701 to 0.589 million RMB. The budget dual remains about 242.8 RMB
per tonne across these settings.

4.4 B-type flexibility: economic and cap-induced reduction

B-type flexibility can respond to electricity cost even without an emissions constraint (Fig. 5).
At a portfolio share of 0.60, a 2% daily reduction limit, and a 200 RMB/MWh reduction
cost, the no-cap case delivers 1,480 MWh of net reduction and saves 0.830 million RMB
(0.574%) relative to rigid Base demand. With the budget tightened by 0.60%, reduction
increases to 2,283 MWh. The 803 MWh difference between the tight-cap and no-cap cases
is the carbon-constraint-induced component of B-type response.

Table 3 separates subsystem operating-cost saving, the budget dual, dispatched reduction,
and the dual value of reduction availability. For the tight budget and ¢"*¢ = 200 RMB/MWh,
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B-type flexibility saves 1.102 million RMB (0.760%) relative to rigid demand and changes
the budget dual from 242.51 to 88.41 RMB/tCOs,.

The final column reports the mean and maximum vﬁ‘f among binding daily availabil-
ity constraints. At ¢*¢ = 200 RMB/MWh under the tight budget, the mean is 128.3
RMB/MWh and the maximum is 459.8 RMB/MWh. These duals measure the net subsys-
tem benefit of additional reduction availability after accounting for the modeled reduction
cost. At ¢"? = 500 RMB/MWh, only 368 MWh is dispatched and the budget dual remains
237.52 RMB/tCOs.

Provincial signals and all city cases are recomputed for wider coal-like and gas-like factor
ranges. The resulting absolute accounted emissions and budget duals change materially, as
shown in Supplementary Table S2. Lower emission factors yield lower accounted emissions
but a higher RMB-per-ton dual under the same relative tightening. Under the uniform 80
RMB/MWh shifting cost and A-type downward/upward bounds of 0.2/0.1, A-type saving
remains about 0.410 million RMB. B-type saving is 1.102-1.112 million RMB and its budget
dual is 80.09-113.54 RMB per tonne. Fuel-classification uncertainty remains because offer
prices serve as a proxy for generator type.

We compare one aggregate portfolio, the selected three groups, and 143 separately mod-
elled buildings using a uniform 80 RMB/MWh shifting cost, A-type downward/upward
bounds of 0.2/0.1, and B-type bounds of 0.3/0.2 with a 2% daily reduction limit and a
200 RMB/MWh reduction cost. Relative to the individual-building model, the K = 3 total
objective differs by 0.009% for A-type and 0.011% for B-type operation, as shown in Sup-
plementary Table S3. The matched savings are more sensitive to aggregation, differing by
3.28% and 1.41%, respectively. A-type shifted energy differs by 2.73%, and B-type reduction
by 0.43%. Both K = 1 and K = 3 give similar results because all buildings use homo-
geneous linear product parameters. Group-specific parameters are needed for clustering to
affect valuation.

The two products affect different constraints. In this case, A-type operation changes
subsystem cost but has little effect on the budget dual, whereas B-type operation also lowers
weekly energy and can relieve the binding accounted-emissions constraint.
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4.5 Validation and scope of inference

An independently reconstructed aggregate with an additional local-median spike filter de-
viates from the dispatch portfolio, as illustrated in Supplementary Fig. S2. Because the
unfiltered group profiles sum exactly to their member-building profiles, this comparison iso-
lates sensitivity to the filter. Total-load and AC-envelope MAPE are 3.81% and 16.07%,
respectively, as reported in Supplementary Table S4. The AC result combines level and
temporal-shape changes; the 5% lower and 5% higher cases in Supplementary Table S3
instead test uniform AC-envelope scaling.

The provincial benchmark uses 228.17 MWh of emergency balancing energy, less than
0.002% of provincial weekly demand. Rigid city cases avoid load shedding through 1.00%
budget tightening. At the reported 0.60% point, cap slack is below 5 x 107 tCO, and all
solver terminations are optimal. The hourly import ceiling binds in 109 of 168 Base hours,
137 hours in the rigid § = 0.60% case, and 138 hours in the corresponding A-type case.

Perturbing the 0.60% cap by one tonne in each direction gives a central finite-difference
slope of 242.508866 RMB per tonne, equal to the reported dual to six decimal places. The
unchanged dual at both perturbation points indicates a stable local LP basis, as shown in
Supplementary Table S5.

The main uncertainties concern the system boundary and flexibility deliverability. Offer-
derived generator classes and provincial-average emission accounting determine the carbon
signal, while fixed boundary prices omit city-to-province feedback. Because the import
ceiling binds frequently, absolute local/import dispatch shares depend on this equivalent-
system limit. The product envelopes omit thermal states, and the single typical week with
scaled portfolio shares does not establish annual or citywide realizable potential.

5 Conclusions

We constructed urban building portfolios from hourly total-load and AC channels and eval-
uated them under carbon-constrained electricity dispatch. Provincial DC-OPF prices and
an offer-derived provincial average operational emissions proxy enter the city model as fixed,
one-way boundary signals. The model represents energy-neutral shifting and net reduction
as separate products.

The Base case accounts for 546.36 ktCO5 during the study week. Tightening the emissions
budget from 0.05% to 0.60% raises the budget dual from 24.6 to 242.5 RMB/tCO,. At
p = 0.60, baseline A-type shifting saves 0.389 million RMB (0.268%) under 6 = 0.60% and
leaves the dual nearly unchanged. B-type reduction at 200 RMB/MWh is partly economic:
1,480 MWh is dispatched without an emissions constraint. The tight budget raises reduction
to 2,283 MWh, saves 1.102 million RMB (0.760%) relative to rigid demand under the same
budget, and changes the budget dual to 88.4 RMB/tCOs,.

The K = 3 total objective differs by at most 0.011% from the 143-building model,
while matched subsystem operating-cost savings differ by 3.28% for A-type and 1.41% for

12



B-type operation. The similar K = 1 result shows that clustering is descriptive when
product parameters are homogeneous. Estimating group-specific flexibility, comfort, and
cost parameters is necessary before attributing value differences to archetypes.

Product definition determines the observed source of subsystem value. Energy-neutral
shifting primarily provides temporal dispatch value, whereas net reduction can also relieve a
binding emissions budget. Building-flexibility valuation and product design should preserve
this distinction.

Data Availability

The original building-level Shenzhen energy-monitoring records and provincial grid, gen-
erator, and load records are not publicly available because redistribution is prohibited by
project-specific confidentiality and third-party data-use agreements. The de-identified 168-
hour portfolio load profiles, derived boundary signals, scenario inputs and outputs, data-
consistency summaries, and numerical values underlying the figures and tables are available
from the corresponding author upon reasonable request for non-commercial verification.
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Figure 1: Workflow for constructing and valuing the building-flexibility portfolio. (a) Screen-
ing of 148 building records to retain 143 buildings. (b) Reconstruction of 168-hour typical-
week profiles, descriptive archetypes, and portfolio scaling. (¢) Provincial DC optimal power
flow. (d) Extraction of fixed boundary signals for import price and the provincial average
operational emissions proxy. (e) Shenzhen carbon-constrained dispatch with the A-type and

B-type flexibility products. (f) Matched comparisons and the subsystem outputs reported
in the analysis.
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Figure 2: Area-normalized typical-week total-load and air-conditioning-load profiles of the
three building archetypes. Cluster sizes are 96, 15, and 32 buildings, respectively; D1-D7
denote the seven sequential days in each 168-hour record.

(a) Accounted-emissions-budget dual (b) Supply response é (c) Emissions composition
~ 2907 o000—0—0—90—90 =
8 < o 500
£ 200 | S 600 Q
0 s £ 400
X 150 o § 400 4 —@— Imports g 300
@ ) == Local dispatch g
3 100 > £ 200
3 S 200 - 5
€ 50 g B 100
@ mEEs—u—8uu S
T T T 0 T T L 8 0
0.2 0.4 0.6 0.2 0.4 0.6 :(6) 0.2 0.4 0.6
Emissions-budget tightening (%) Emissions-budget tightening (%) Emissions-budget tightening (%)

Figure 3: Rigid-demand results under emissions-budget tightening. (a) Accounted-emissions-
budget dual. (b) Weekly import and local-dispatch energy. (¢) Accounted import and local-
dispatch emissions under the provincial average operational emissions proxy.
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Figure 5: B-type sensitivity at p = 0.60. (a) Dispatched reduction with and without the
emissions constraint at ¢"? = 200 RMB/MWh. (b) Accounted-emissions-budget dual. (c)
Matched-reference subsystem operating-cost saving under § = 0.60%. The daily limit is a
share of baseline air-conditioning energy.
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Tables

Table 1: Key data-processing, implementation, and carbon-accounting assumptions

Item

Implementation used in the case study

City identification

Building-data checks

Clustering and typical weeks

Import-emissions proxy

Generator emission proxy

Fixed injections

Offer-block cleaning

Emergency balancing

DC-flow convention
Import-cap mode
Baseline A-type bounds
Baseline A-type cost
B-type sensitivity
Dual-sign convention
Model form and duals
Cap accounting

Scenario-share ceiling

Shenzhen-related buses and loads identified from provincial records; 17
Shenzhen-related buses retained for boundary-price aggregation.

Of 148 annual files, three lack a metadata match and two singleton profiles show
abnormal metering patterns; 143 are retained. Retained files have no missing,
non-finite, or negative values; AC is never above total load, and raw end-use
channels sum to total load.

Clustering uses area-normalized mean profiles over 52 complete weeks. The final
dispatch profiles use the weekly median after screening. Independent channel
medians produce a —0.40% aggregate end-use energy mismatch, so the measured
total-load channel is used for balance and AC defines the flexibility envelope.
Equation (23) divides offer-derived province-wide operational emissions by served
electricity and applies the result to Shenzhen imports.

Fuel metadata are unavailable. Units with average offer prices below 50, from
50 to 300, and at or above 300 RMB/MWh are assigned zero, coal-like, and gas-
like factors, respectively. Base factors are 0.90 and 0.40 tCO2/MWh; low/high
scenarios use 0.70/0.35 and 1.00/0.55.

Provincial non-dispatchable injections are matched to generator names where
possible; unmatched units use the matched-unit fallback mean of 0.420
tCO2/MWh. No Type-A fixed injection maps to Shenzhen, so Ptfiw = Efiz =0
in the city case.

Offer blocks exceeding installed capacity are scaled to capacity; missing residual
capacity is filled with a fallback block at the last nonzero or average offer price.
Upper-layer data closure uses C?* = 9,000 RMB/MWh and ~bel = 0.40
tCO2/MWh. Dispatched energy is 228.17 MWh over the study week and enters
e, F.

Provincial line flows use the Spqse/® convention with Spase = 100 MVA, consis-
tent with the network-data base.

The hourly limit is Ptimp = Dz°™. It binds in 109 Base hours, 137 rigid tight-
cap hours, and 138 A-type tight-cap hours; absolute dispatch shares are therefore
import-limit-dependent.

Main sweep uses (a%°%™ o¥P) = (0.2,0.1) for all archetypes.

Cluster shifting costs are 100, 120, and 110 RMB per MWh moved between
hours; shifted energy is % Zkyt(s;t + s, )AL

Uses (adown quP) = (0.3,0.2), shift cost of 80 RMB/MWh, n ¢
{0,0.005,0.01,0.015,0.02}, and reduction costs of 200 or 500 RMB/MWHh.
Imported LMP and budget-dual signs are normalized so positive values represent
positive import cost and positive budget-tightening cost.

The Pyomo linear programs are solved with HiGHS using primal and dual fea-
sibility tolerances of 10~7; no unit-commitment binary variables are included.
Ep = 546.364 ktCO2, EJ** = 0, and E§°" = 546.364 ktCO2 in this case, so
51}(17‘ e 6.

Pmax is the hourly residual-load non-negativity ceiling used to define the upper
stress-test range.
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Table 2: Base and Carbon-only results for the Shenzhen subsystem under weekly emissions-
budget tightening

Scenario 5 (%) Objective Cost change Budget dual Import energy Emissions
(M RMB) (%) (RMB/tCO>) (GWh) (ktCO2)
Base 0.00 144.652 0.000 - 723.52 546.36
Carbon-only 0.05  144.655 0.002 24.58 725.05 546.09
Carbon-only 0.10  144.662 0.007 27.79 726.59 545.82
Carbon-only 0.15  144.672 0.014 39.79 728.05 545.54
Carbon-only 0.20  144.683 0.021 52.53 729.55 545.27
Carbon-only 0.30  144.718 0.046 80.50 732.56 544.73
Carbon-only 0.40  144.779 0.088 140.12 735.52 544.18
Carbon-only 0.50  144.896 0.168 231.24 738.41 543.63
Carbon-only 0.60  145.025 0.258 242.51 741.36 543.09

Table 3: Matched-reference flexibility results at p = 0.60

Constraint Product setting Saving Saving Budget dual Net reduction Mean/max v"¢¢
(M RMB/week) (%) (RMB/tCO2) (MWh/week) (RMB/MWh)

None B: n = 2%, ¢ = 200 0.830 0.574 - 1480 114.7/396.4

0.60% A: baseline bounds/costs 0.389 0.268 242.79 0 -

0.60% B: 7 =0, shift cost 80 0.639 0.441 242.79 0 -

0.60% B: = 2%, c™? = 200 1.102 0.760 88.41 2283 128.3/459.8

0.60% B: n = 2%, ¢ = 500 0.738 0.509 237.52 368 257.1/266.9
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