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1. Executive Summary

This document (D3.3) reports on the smart-charging and Vehicle-to-Everything (V2X) assessment for the
GIANTS modular swappable-battery platform [5], enriching Task 3.2 of Work Package 3. D3.3 was
introduced as an additional document to allow the smart-charging and V2X assessment to be developed
beyond the initial Task 3.2 outputs, incorporating full-year simulation, battery-pool sizing optimization, and
the vehicle-energy inputs that were not yet available at the original Task 3.2 delivery milestone. The central
contribution is the Battery Control Algorithm (BCA), which covers charging optimization, V2X dispatch, and
battery-pool sizing. A key input to the BCA is WP4’s high-fidelity vehicle energy-consumption simulation,
which provides the route-level demand profiles. Together, the algorithm and its simulation-derived inputs
deliver a quantitative, full-year evaluation of the optimization potential for a real swappable-battery fleet.

The central concept is the battery pool: because GIANTS uses swappable modules, the packs docked at the
depot at any moment form a dynamic stationary storage asset whose capacity changes with each swap
event. The BCA treats this pool as a single aggregated resource and optimizes its charge/discharge schedule
against day-ahead electricity prices, photovoltaic (PV) generation, fleet swap timing, and state-of-charge
(SoC) constraints. A five-tier evaluation framework separates the value into unidirectional smart charging
(peak shaving, time-of-use (TOU) arbitrage, PV self-consumption) and co-optimized bidirectional V2X
(behind-the-meter Vehicle-to-Building (V2B) and grid-export Vehicle-to-Grid (V2G)).

The BCA was validated on a full-year (2024) backtesting simulation of the BUZZZ Malta ride-hailing fleet
(25 light electric vehicles (LEVs), 20-pack reserve pool at 42.6 kWh, 100 kWp rooftop PV, 54,000 kWh/yr
depot baseload). Against a suboptimal immediate-charging baseline (including passive PV offset at 37.4 %
self-consumption), the simulated five-tier waterfall yields a total annual saving of €9,716:

Table 1-1: Simulated Five-tier BCA savings waterfall for the BUZZZ Malta fleet (full-year 2024).

Tier ‘ Component Simulated annual savings ‘
. Peak shaving + TOU arbitrage €7,157
Smart charging
PV Self Consumption €254
VX V2B (behind-the-meter) €832
V2G (grid export) €1,473
Total €9,716

The simulation results above rest on a vehicle-side energy-consumption input from the GIANTS co-
simulation platform. This simulation generated route-level energy and SoC data for the BUZZZ Malta LEV
platform (eight route segments, 5.96-83.58 Wh/km, 4.357 kWh and 75.84 % SoC per full loop at 58.87 km),
which the BCA consumes as its demand input in place of the earlier flat-rate assumption. The modelling
approach, validation, and integration into the BCA are described in Section 3.4. The resulting methodology
is transferable as a framework for evaluating smart charging and V2X potential in modular-swappable-
battery fleets, and a quantitative basis for prioritizing the BCA’s smart-charging tiers (unidirectional, 76 %
of savings) as the first step, with the BCA’s co-optimized V2X tiers (bidirectional, 24 % of savings) as a
profitable hardware upgrade path.

A complementary analysis (Section 3.9) treats the reserve pack count itself as a decision variable. A
parametric sweep from 0 to 75 spare packs shows that, under central assumptions (€700/pack, 8-year life,
5 % discount, 50 kW inverter, 100 kWp PV), the combined V2X-plus-PV benefit (=~ €119/pack/yr at 20 packs)
roughly matches annualised capex (= €108/pack/yr), making the operationally required reserve
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approximately cost-neutral through energy revenue under the central modelling assumptions (€700/pack,
50 kW inverter, 100 kWp PV, AT 2024 price spread). However, the margin is thin (= €11/pack/yr) and
sensitive to pack cost, inverter rating, PV capacity, and price spread. This supports a cost-recovery
argument for packs the fleet already requires operationally, not an investment case for buying additional
packs.

Keywords: Vehicle-to-Everything (V2X), Battery Pool, Smart Charging, V2G, V2B, Day-Ahead Market, Light
Electric Vehicles, Modular Swappable Battery, Battery Control Algorithm, Linear Programme, Reserve
Sizing, Co-optimization.
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2. Objectives

21 Link to GIANTS and WP3 objectives

The overall objective of the GIANTS project is to develop a modular, intelligent, and affordable transport
solution centred on a swappable battery platform for light electric vehicles. Within this umbrella, Work
Package 3 (Optimization of EV Architecture) addresses the energy and powertrain optimization layer of the
GIANTS platform. Task 3.2 is responsible for the assessment of energy-optimized vehicle architectures, with
particular emphasis on smart charging optimization and V2X integration. D3.3 was created as an additional
document to extend the Task 3.2 work programme: the full-year BCA simulation campaign, the battery-
pool sizing optimization, and the integration of route-level vehicle-energy inputs required development
time beyond the original Task 3.2 delivery milestone. This document therefore reports the extended
assessment that those additional work streams make possible.

2.2 Specific objectives of D3.3
The specific objectives of this document are:

e To define and document the smart charging and V2X concept for the GIANTS platform, including
the conceptual framework, the five-tier optimization structure, the operational-day window, the
optimization formulation, and the battery-pool aggregation model.

e To configure the BCA optimizer for the BUZZZ Malta reference case and to perform a full-year
(2024) simulation of smart charging (peak shaving, TOU arbitrage, PV self-consumption) and V2X
(V2B, V2G) scenarios.

e To produce a quantitative, layered assessment of the value generated by each successive
optimization tier, expressed as annual depot electricity cost or surplus.

e To deliver a vehicle-level energy-consumption simulation that produces validated drivetrain
consumption profiles for the BUZZZ LEV platform and feeds those back into the BCA.
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3. Description of Work

This section describes the extended Task 3.2 work reported in this document, with cross-references to the
GIANTS V2X concept (Section 3.1), the methodology and BCA formulation (Section 3.2), the BUZZZ Malta
reference case (Section 3.3), the vehicle-energy contribution (Section 3.4), the AWATTAR Austrian day-
ahead price-signal proxy (Section 3.5), the operational behaviour of the battery pool (Section 3.6), the
simulation results (Section 3.7), the battery-pool sizing optimization (Section 3.8), and the modelling
assumptions and limitations (Section 3.9).

3.1 Smart Charging and V2X Concept for the GIANTS platform

The central concept underlying the Smart Charging and V2X integration is the battery pool: because the
GIANTS system uses swappable battery modules rather than fixed vehicle batteries, the set of modules
docked at the charging station at any given time forms a dynamic stationary battery. This pool changes
composition with each swap event, depleted modules return from vehicles and charged modules depart,
but from the perspective of the energy system it behaves as a single aggregated storage asset with time-
varying capacity. The BCA optimizer manages this dynamic pool, scheduling charge and discharge
operations based on electricity prices, photovoltaic generation data, fleet schedules, and vehicle energy-
consumption profiles provided by WP4.

Fleet

O==0 0Oz=0
NC N I

L e
! ! | Ril|RA A IR RE
k 1 & . 1t 1t 1
-— A o o o 8 n 4 0 0 4 sur PV or Local
¢ or Loca
!_47+! !_47+! !_¢+‘| !_¢+‘| !_¢+‘| Consuemption Generation
aamwlmsac

Battery Control Algorithm

|

[ Price Signals ][ PV Forecast ] [ Fleet Schedule ] [Smconstmims]

Input Data Streams

Figure 3-1: GIANTS Smart Charging and V2X system architecture and BCA optimizer data flows.

3.1.1 Concept overview

The energy-management concept developed for the GIANTS platform transforms the modular swappable
battery from a passive energy consumer into an active distributed energy resource. The initial design of
the concept was framed as Vehicle-to-Grid (V2G) [10], targeting direct interaction with the electricity grid.
However, during the course of the project it became clear that direct grid interaction introduces significant
regulatory and technical barriers as grid operators impose strict requirements for frequency response,
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power quality, metering, and certification that are difficult to meet for small-scale battery systems,
particularly in markets where the regulatory framework for distributed energy resources is still evolving.
[81[91[12][13]

For this reason, the scope was broadened in two directions. First, the concept was extended from pure
V2G to Vehicle-to-Everything (V2X), encompassing all forms of bidirectional energy exchange involving the
GIANTS battery modules. Second, and equally important, the scope was expanded to include unidirectional
smart charging: peak shaving, time-of-use arbitrage, and PV self-consumption optimization which requires
no bidirectional hardware and, as the simulation results in Section 3.8 demonstrate, delivers the majority
(76 %) of the total cost saving. The V2X modes include: vehicle-to-building (V2B), where batteries supply
energy to the facility behind the meter to reduce peak demand or increase PV self-consumption; vehicle-
to-vehicle (V2V), where charged modules can transfer energy to other vehicles in the fleet; and vehicle-to-
load (V2L), where batteries power external equipment or tools. Behind-the-meter applications such as self-
consumption optimization and peak shaving do not require the same grid-level certifications, making them
immediately deployable. The V2G use case remains a longer-term objective as regulatory frameworks
mature, but V2X ensures the platform delivers value from day one.

When batteries are docked at charging stations and not required for vehicle propulsion, they become
available for these V2X services: self-consumption optimization of locally produced renewable energy, peak
shaving of facility load profiles, energy sharing across the fleet, and where regulations permit, participation
in electricity spot markets. This approach is particularly well-suited to the GIANTS architecture because the
swappable battery design inherently creates a pool of battery modules at charging-depot locations. It
should be noted that the physical inverter topology is left out of scope at this stage; the benefit-cost
analysis depends only on the aggregate power rating and round-trip efficiency, not on the hardware path
chosen to deliver them.

3.1.2 Battery control algorithm

The Battery Control Algorithm is the central intelligence of the smart charging and V2X system. It processes
four categories of input data to produce optimized battery operation and energy procurement schedules:
(i) load profiles, mission-dependent vehicle energy-consumption patterns, fleet-level load aggregation, and
auxiliary facility loads; (ii) energy production, photovoltaic generation profiles (historical data in
backtesting; day-ahead forecasts in production deployment); (iii) electricity-market signals, day-ahead
spot-market prices at 15-minute or hourly resolution; and (iv) use-case constraints, minimum state-of-
charge requirements for the next scheduled trip, battery wear limitations, maximum charge/discharge
rates, and PV utilization targets.

3.1.3 Use cases

Three representative use cases have been defined for the smart charging and V2X integration, spanning
different scales and market contexts. This document focuses on Use Case 1 (Fleet Operation), which
provides the richest optimization problem and the most complete operational dataset through the BUZZZ
Malta fleet. Use Cases 2 and 3 are introduced below for completeness and are revisited in Section 3.9.5 as
transferability scenarios, where the common BCA framework is mapped to their respective scales and
constraints. Full simulation campaigns for these use cases could be explored later in the project once site-
specific operational data become available.
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e Fleet Operation (Advanced Market): a commercial fleet depot operating 25 vehicles with
centralized charging infrastructure. This is the primary simulation target, modelled on the BUZZZ
Malta ride-hailing service. The optimizer manages a pool of swappable batteries across the fleet,
applying smart charging (peak shaving, TOU arbitrage, and PV self-consumption optimization) and
dispatching the reserve pool for V2B and V2G services.

e Single Household (Advanced Market): a residential setting with rooftop PV where one or two
GIANTS vehicles are charged overnight and during solar production hours. The battery control
algorithm maximizes self-consumption of solar energy and reduces peak grid loads.

e Community Energy Sharing (Emerging Market): a community-level deployment where GIANTS
vehicle batteries contribute to a shared energy storage pool, supporting local microgrid stability
and enabling access to affordable electricity in regions with unreliable grid supply.

3.2 Methodology

3.2.1 The Battery Control Algorithm

The Battery Control Algorithm (BCA) is a proprietary energy management solution developed by i2m,
originally designed for residential and commercial energy management. For the GIANTS project, the
algorithm was configured to support battery-pool modelling specific to swappable-battery fleet operations,
retaining its underlying single-battery linear-programme formulation.

The core optimization operates on a rolling 24-hour planning window with 15-minute time resolution. In a
production deployment, the algorithm receives day-ahead electricity prices (published the evening before
by the market operator), a PV generation forecast for the coming day, and the current fleet load schedule.
It then computes an optimal charge/discharge schedule for the aggregated battery pool subject to
operational constraints, including minimum and maximum state-of-charge bounds, charge and discharge
power limits, and a target state of charge that acts as a readiness floor between scheduled swap events.

For the simulation, the optimizer is given perfect foresight: it sees the actual realized day-ahead prices and
actual PV generation for each 24-hour window. This is a standard simplification in energy-storage
simulation because day-ahead prices are known with certainty once the market clears (typically 12—-24
hours before delivery) and PV output can be forecast with reasonable accuracy over a single-day horizon.
The perfect-foresight assumption therefore closely approximates the information a deployed system would
have for the day-ahead optimization layer. Any gap between the simulation and a real deployment would
arise primarily in intraday re-optimization, which is not the subject of this study.

3.2.1.1 Battery-pool modelling approach

The GIANTS swappable-battery architecture creates a physically dynamic battery pool: at any given
moment the depot holds a mixture of packs at various states of charge - some fully charged and awaiting
installation, some on chargers, and some recently returned at low SoC. Each swap event removes three
charged packs and returns three depleted packs (approximately 25 % SoC), producing an instantaneous
shift of approximately 4.79 kWh in the pool’s aggregate stored energy. With 25 vehicles and two swaps per
day, roughly 20 % of the total battery inventory is idle at the depot at any time, and its charging can be
shifted without affecting fleet operations provided enough fully charged sets are available at each swap
window. This idle fraction is the schedulable flexibility that the BCA exploits.
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Rather than modelling each physical pack as a separate decision variable, the BCA aggregates the entire
pool into a single virtual battery with a continuous state-of-charge variable. The pool’s effective capacity
varies over time as packs enter and leave the depot through swap events, but the optimizer treats it as one
battery whose load curve includes the swap-driven energy flows at the appropriate time steps. This single-
battery linear-programme formulation is a deliberate simplification: it avoids the combinatorial complexity
of tracking individual pack states while capturing the aggregate charging flexibility that drives the economic
value.

3.2.1.2 Optimization formulation

The BCA formulates the charging schedule as a constrained cost-minimization problem. Let T =
{1,2, ..., N} be the set of time steps, with N = 96 for a 24-hour planning horizon at At = 0.25 h. For each
time step t € T the optimizer determines an aggregate pool power setpoint P(t) € R: positive for
charging (grid import), negative for V2X discharge (behind-the-meter offset or export), and zero for idle.
This is the sole decision variable of the optimization; it represents the power delivered to or drawn from
the battery pool and does not include the non-shiftable facility load, which enters the cost function
separately through the net grid power equation below.

Objective. Minimize the total energy cost over the planning horizon:

P(

N
min Zpgrid LGV
t=1

where 1(t) is the day-ahead electricity price (€/kWh) and the net grid power is
Pgrid(t) = P(t) + Pgac(t) — Ppv(t) (2)

with Pg,.(t) the non-shiftable facility load and Ppy (¢) the on-site PV generation. Where Pgiq(t) < 0 and
feed-in is permitted, surplus is exported at the applicable feed-in tariff.

Constraints. The formulation is subject to several constraint families. The critical ones are the SoC-
continuity constraints, which propagate the aggregate pool state of charge consistently with the applied
setpoint and account for round-trip efficiency losses:

P~

SoC(t + 1) = SoC(¢t) + EAt NP (t) — 3)

pool Na
where P*(t) = max(P(t),0), P~ (t) = max(—P(t),0), and 1., 14 are the charge / discharge efficiencies.
The aggregated pool SoC must remain within the permissible operating band at all times to preserve
battery health and guarantee a swap-readiness floor:

SoCpin < SoC(t) < SoCray [SoCrin, SOCrax] = [15%, 100%] 4)

The formulation treats the battery pool as a single aggregated energy store. Individual module-level
dispatch (deciding which specific packs charge or discharge at any given time step) is handled by a lower-
level controller and is outside the scope of this optimization. Simultaneous charging and discharging of the
aggregated pool is precluded by the round-trip efficiency losses: any energy cycled through the pool in the
same time step incurs a net cost, so the linear optimizer never selects such a solution and no explicit
integer constraint is required.
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Operational-day windows are aligned to the fleet shift (06:00 to 06:00 next day) so that the pool SoC is
forced to 100% at every shift start, ensuring vehicle readiness regardless of the preceding day’s dispatch:

SoC(tshir) = 100%  (5)

Peak shaving constraint. When peak shaving is enabled, the BCA additionally enforces a configurable grid-
power ceiling. This prevents the optimizer from concentrating all charging into a small number of cheap
time slots, which would create demand-charge exposure far exceeding the TOU savings. The constraint is:

Pgrid(t) < Pmax vVt eT (6)

where P,.x is the operator’s chosen peak-shaving target (in kW). This is an economic optimization
parameter, not a hard grid-connection limit: it sets the ceiling below which the optimizer attempts to keep
the 15-minute average grid draw in order to minimize demand charges. For the BUZZZ Malta case, this
target is set to 70 kW based on the peak shaving sensitivity analysis presented in Section 3.8.

Extended objective with demand charges. In markets with capacity-based grid tariffs (such as the Austrian
Netznutzung Leistung and common across Europe), the monthly peak 15-minute average power draw
incurs a demand charge. Malta’s non-residential tariff structure also includes a Maximum Demand Tariff
(approximately €20.50/kW for services exceeding 60 A per phase), assessed on the annual peak demand
rather than monthly peaks as in Austria. This makes peak shaving potentially even more valuable in Malta:
a single demand spike sets the charge for the entire year, so each avoided kW of peak demand pays back
over 12 months rather than one. Because monthly peak billing is the more common structure across
European markets and reflects the tariff in Austria, i2m’s home market, the BCA uses the Austrian monthly
peak model as its reference case. The total annual cost that the BCA seeks to minimize is therefore:

N 12
Cdemand
t=1 m=1

where the first term is the energy cost from equation (1), the second term sums the monthly peak demand
charges, and Cgemang is the annual demand-charge tariff (€/kW/year). The division by 12 converts the
annual rate to a monthly charge. For the Austrian market context used in this study, C4emand =
€65/kW/year (Netznutzung Leistung). The monthly peak is defined as the highest 15-minute average
power draw within each calendar month.

Implementation note: sequential decomposition. Equations (1) and (7) present the conceptual cost
function that the BCA seeks to minimize. In practice, the current implementation solves this as a sequential
three-pass decomposition rather than a single integrated optimization. The first pass handles PV self-
consumption by scheduling charging during solar surplus hours. The second pass addresses peak shaving:
for each time slot where the facility load exceeds the configured grid ceiling, the algorithm assigns a
synthetic penalty price that is orders of magnitude higher than any real market price, causing the matching
engine to discharge the battery pool during over-limit intervals and charge during under-limit intervals. The
third pass performs time-of-use arbitrage against the actual day-ahead prices using the residual battery
flexibility. Each pass inherits the SoC trajectory produced by the previous pass and adds its own
charge/discharge transactions on top. This sequential approach ensures that peak shaving takes priority
over TOU arbitrage, which is the economically correct ordering given that demand charges dominate
energy-cost savings at the tariff levels observed in Austrian and Central European markets.
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The BCA operates on a rolling-horizon basis rather than solving a single static optimization for the entire
day. At each control interval, the optimizer receives updated input data and re-solves the optimization
problem for the remaining time horizon, producing an updated schedule. Only the first time step of each
re-optimized schedule is executed as a control command; the remainder serves as a planning trajectory
that is continuously refined. The computational cost of each re-optimization is modest; the linear-
programme formulation typically solves in under 100 ms, making real-time operation feasible even on
embedded hardware.

3.21.3 Smart-charging components

The BCA's smart-charging component implements three layers of energy-management optimization that
work synergistically to reduce electricity costs. These layers are implemented as hierarchical constraints in
the BCA's linear programme and produce distinct cost reductions that can be evaluated independently.

e Peak Shaving: Peak shaving is the practice of capping the maximum power drawn from the
electricity grid at any point in time. Commercial electricity tariffs typically include a demand charge
based on the highest 15-min average power peak recorded during the billing period, so reducing
that peak directly reduces the monthly bill even if total energy consumption stays the same. In the
BCA, this is implemented as a configurable grid-power ceiling. When the unconstrained
optimization would exceed this limit, charging is redistributed across lower-demand slots. For the
BUZZZ fleet at a 70 kW cap, this eliminates demand-charge penalties that would otherwise arise
from the demand peaks created by TOU-concentrated charging (up to 288 kW total including depot
baseload).

o Time-of-Use Arbitrage: In liberalised electricity markets, the price of energy varies by time of day,
typically higher during morning and evening demand peaks and lower overnight or during periods
of high renewable output. Time-of-use (TOU) arbitrage exploits this variation by scheduling
electricity consumption during the cheapest windows. The BCA implements this by shifting battery
charging from expensive peak hours to cheaper off-peak or negative-price windows, exploiting day-
ahead price volatility.

e PV Self-Consumption Optimization: A facility with rooftop solar panels generates electricity that
can either be consumed on-site or exported to the grid. The share consumed on-site is the self-
consumption ratio; maximizing it is valuable because exported surplus is typically compensated at
a lower feed-in tariff than the retail price of grid electricity. When on-site photovoltaic generation
is available, the BCA preferentially schedules battery charging during solar production windows,
absorbing energy that would otherwise be exported at the lower rate and thereby reducing grid-
energy procurement and improving the self-consumption ratio.

3.2.1.4 V2X dispatch layers

The BCA’s V2X dispatch layers (V2B and V2G) extend the optimizer from unidirectional smart charging to
bidirectional energy exchange using the reserve battery pool. The 42.6 kWh reserve pool (the 20 spare
packs present at the depot) is treated as an additional buffer with its own dispatch variable. The BCA solves
a second linear programme per operational day, with the objective of maximizing net arbitrage revenue
subject to: (i) a two-cycle-per-day cap to protect pack warranty; (ii) a €0.04/kWh degradation cost [7]
applied to throughput; (iii) an 88 % round-trip efficiency; (iv) a 50 kW bidirectional inverter rating; and (v)
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a hard SoC = 100 % boundary condition at every 06:00 shift start. In V2B mode, the discharge at any time
step is capped by the concurrent on-site load so that no energy is exported. In V2G mode, the discharge
may exceed on-site load, with the surplus exported at the prevailing day-ahead price.

The 50 kW bidirectional inverter rating is a simulation parameter representing the assumed aggregate AC-
coupled discharge capability at the depot. The physical power-electronics topology (hybrid inverter shared
with the PV array, dedicated battery inverter, or DC-coupled architecture) is not specified at this stage of
the project; the BCA is agnostic to the hardware path and depends only on the aggregate power rating and
round-trip efficiency.

3.2.1.5 Software architecture

The BCA isimplemented in Python and structured as a modular optimization framework. The core modules
include a configuration layer that parameterizes the fleet, battery, and market settings; a backtesting
engine that iterates through historical data on a day-by-day basis; a matching module that implements the
price-based load-shifting logic; a filling module that handles the baseline charging strategy; a margin-
calculation module that tracks cost differentials; and a visualization module for generating analysis charts.
The BCA’s V2X module adds a per-day linear-programme solver that dispatches the reserve pool against
day-ahead prices under the operational constraints listed above.

3.2.2 Simulation setup

The simulation environment models a full calendar year (2024) of fleet operations using 15-minute time-
step resolution (35,136 data points). The reference use case is the BUZZZ Malta ride-hailing fleet with the
parameters listed in Table 3-1.

Table 3-1: Simulation parameters for the BUZZZ Malta reference case.

Parameter ‘ Value

Fleet size 25 vehicles

Daily range per vehicle = 200 km

Operating window 06:00 — 23:00 daily

Battery swaps per vehicle per day 2

Battery configuration 14S10P, 2.13 kWh per pack (x3 packs per vehicle)
Nominal charging power 2.13 kW per module

Total fleet pack capacity 159.75 kWh (75 packs in service)

Reserve battery pool 20 spare packs, 42.6 kWh

Bidirectional V2X inverter 50 kW (simulation parameter; topology not specified)
Round-trip efficiency 88 %

Electricity pricing AWATTAR Austrian day-ahead, 2024 (15-min)
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3.2.3 Reference (suboptimal) charging strategy

The suboptimal (reference) charging strategy charges each battery module immediately upon docking,
drawing power at the nominal rate until the target SoC is reached. This first-in, first-charged approach
represents the simplest operational logic and serves as the baseline against which all five BCA optimization
tiers are evaluated. It does not consider electricity pricing, PV availability, or load scheduling.

3.3 BUZZZ Malta reference case

The simulation and optimization work presented in this document is grounded in a concrete, real-world
reference case: the BUZZZ Electric ride-hailing fleet operating in Malta. This subsection provides a detailed
characterization of the BUZZZ operation, as the fleet’s operational parameters, constraints, and energy
requirements serve as the primary input data for both the BCA charging optimization and the GIANTS
vehicle-energy simulation.

3.3.1 BUZZZ Fleet overview

BUZZZ Electric operates a ride-hailing service in Malta using light electric vehicles (LEVs) equipped with
GIANTS modular swappable batteries. The fleet currently comprises a small number of vehicles with
swappable-battery capability, evolved from an original plan of 25 fixed-battery vehicles. The simulation
assumes the planned steady-state fleet of 25 vehicles; current BUZZZ operations are at a smaller scale. The
transition to swappable batteries was a strategic decision driven by the operational demands of a ride-
hailing service, where vehicle downtime for charging directly translates to lost revenue. Battery swapping
enables near-continuous vehicle availability: a depleted battery set can be exchanged for a fully charged
set in under five minutes, compared to several hours of plug-in charging.

Each vehicle is equipped with three GIANTS battery packs in the 14S10P configuration, providing a total
vehicle capacity of 6.39 kWh and a range of 60-70 km per charge cycle. Given the compact urban
geography of Malta and the typical ride-hailing trip distances (averaging 5—8 km), this range is sufficient for
8-12 trips between swaps. The fleet operates from a single depot location where all charging and swapping
infrastructure is centralized. A reserve pool of 20 spare packs (42.6 kWh aggregate) is held at the depot at
any moment to absorb the swap flow, and it is this reserve pool that the V2X service layers dispatch for
arbitrage.

3.3.2 BUZZZ Operational profile

The BUZZZ fleet operates seven days per week on a shift-aligned schedule beginning at 06:00. During this
window, each vehicle averages approximately 2.1 rides per hour, covering roughly 200 km per vehicle per
day. Vehicles return to the depot for battery swaps as their state of charge approaches the minimum
operational threshold (approximately 20-25 % SoC). This results in two swap events per vehicle per day, or
50 fleet-wide swap events per day distributed across five characteristic demand windows (approximately
13 swaps in the 09:00 peak, 5 at midday, 9 in the afternoon, 18 in the 19:00 evening rush, and 5 in the late
evening).

3.3.3 BUZZZ Charging infrastructure and energy costs

All battery charging takes place at the centralized depot using standard AC chargers. Each battery set
charges from approximately 25 % to 100 % SoC in roughly 1 hour at the nominal per-module power. Malta’s
retail electricity tariff has a flat energy rate of approximately €0.149/kWh with no time-of-use
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differentiation, and Malta does not operate a liquid day-ahead spot market. However, non-residential
three-phase services exceeding 60 A per phase are subject to a Maximum Demand Tariff of approximately
€20.50/kW, assessed on the annual peak demand, which provides a direct economic incentive for peak
shaving. To quantify the value of smart charging and V2X under a market-based tariff, which is the target
regime for the BCA, the simulation substitutes the AWATTAR 2024 Austrian day-ahead curve as a
transparent price-signal proxy. The choice of the Austrian dataset reflects i2m’s home market; the
methodological framing is discussed in Section 3.6.

3.3.4 Battery-pool dynamics

The most distinctive feature of a swappable battery EV fleet like the BUZZZ operation from an energy-
optimization perspective is the dynamic nature of the battery pool. At any given moment the depot holds
a mixture of batteries in various states: some fully charged and awaiting installation, some partially charged
and still on chargers, and some recently returned at low SoC. The pool composition changes with every
swap event: each swap removes three fully charged packs (installed in the outgoing vehicle) and returns
three depleted packs at approximately 25 % SoC, resulting in an instantaneous drop of approximately 4.79
kWh in the pool’s aggregate stored energy per swap event.

With 25 vehicles and two swaps per day per vehicle, peak utilization of the battery pool reaches
approximately 80 %. This means that at any given time roughly 20 % of the total battery inventory is idle at
the depot. From the BCA’s perspective these idle batteries represent schedulable flexibility: their charging
can be shifted in time without affecting fleet operations, as long as a sufficient number of fully charged
sets are available at each swap window. This pool-level flexibility is what enables smart charging (time-
shifting charge events to cheaper price windows and capping peak demand) and, with bidirectional
hardware, V2X dispatch.

3.4 Vehicle-side energy-consumption simulation

The vehicle-side energy consumption for the BUZZZ Malta fleet was simulated using the GIANTS co-
simulation platform, enabling high-fidelity estimation of per-segment energy consumption and state-of-
charge depletion under real driving conditions. Full details of the simulation methodology, vehicle
parameterisation, and battery model calibration are documented in deliverable D4.2 [6]. This section
reports the results of applying that platform to the specific Malta ridesharing route operated by the BUZZZ
fleet.

For the vehicle-energy simulation, an 8-segment reference loop was selected from the BUZZZ service area
to provide a representative mix of driving conditions. The loop connects the shuttle depot, Malta
International Airport, a hotel, the University of Malta, Fort Rinella, a pizzeria in Mdina, and return legs back
through the hotel and airport to the depot, covering 58.87 km across motorway, urban, rural, and coastal
road types. Figure 3-2 shows the Google Maps routing for each segment.
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Figure 3-2: BUZZZ Malta eight-segment ridesharing route simulated with the GIANTS co-simulation platform.

Table 3-2 presents the simulation results for each route segment. Energy consumption varies substantially
across segments, ranging from 5.96 Wh/km for the short 0.76 km transfer between the Pizzeria and Hotel
stops to 83.58 Wh/km for the 7.40 km Hotel-to-Airport leg. The variation is driven by differences in route
gradient, average speed, and stop-and-go frequency. The full loop depletes 75.84 % of the battery pack’s
state of charge (from 95 % initial SOC to 19.16 %), consuming 4.357 kWh in total.

Table 3-2: Vehicle-energy simulation results for the 8-segment BUZZZ Malta sightseeing loop.

Route segment Distance (km) Energy (kWh) Co(r\;;:r;k;:;i;) " SOC delta (%)
1 Depot = Airport 5.44 0.447 82.28 7.74
2 Airport - Hotel 7.44 0.515 69.18 8.92
3 Hotel = University 4.20 0.275 65.60 4.76
4 University - Fort 12.19 0.823 67.54 14.33
5 Fort - Pizzeria 15.89 1.303 82.03 22.88
6 Pizzeria > Hotel 0.76 0.005 5.96 0.08
7 Hotel - Airport 7.40 0.619 83.58 10.73
8 Airport - Depot 5.55 0.370 66.69 6.40
Full loop total 58.87 4.357 74.02 75.84

These per-segment consumption profiles feed directly into the BCA as the charging-demand input
described in Section 3.8. The segment-level resolution is important because the spread across segments is
large, driven by differences in route gradient, distance, and average speed. A flat fleet-average
consumption figure would underestimate energy depletion on the high-consumption segments and
overestimate it on the short transfer legs, leading to suboptimal charging schedules. By consuming the
segment profiles at 15-minute resolution, the BCA can schedule charging events to match the actual per-
trip energy depletion pattern, which in turn allows more precise peak-shaving and TOU arbitrage.
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3.5 Electricity market context and price-signal proxy

Two datasets define the study boundary: the fleet operational profile, vehicle count, duty cycle, kilometres
per day, swap pattern and timing, consumption per kilometre, is grounded in real data from the BUZZZ
Malta ride-hailing fleet (25 vehicles, 200 km/day, two swaps/day). This is what gives the study its reality
anchor. The electricity-price dataset, however, has to come from a different source: Malta does not operate
a liquid day-ahead spot market, and the Maltese retail energy tariff is a flat €0.149/kWh with no time-of-
use differentiation (see Section 3.3), so there is no Maltese energy price signal against which a BCA-style
optimizer can produce TOU arbitrage results. Malta does, however, apply a Maximum Demand Tariff
(approximately €20.50/kW, assessed annually) to larger commercial services, which means peak shaving
has direct value even under the Maltese tariff structure. For this reason the simulation substitutes the
AWATTAR 2024 Austrian day-ahead curve at 15-minute resolution as a transparent price-signal proxy.
Austria was chosen because the dataset is directly available and of consistently high quality, and it is
representative of the kind of liberalised market where the BCA’s value actually materialises. The BCA
algorithm is market-agnostic: it consumes any 15-minute price series and returns the cost-optimal smart-
charging schedule (peak shaving, TOU arbitrage, PV self-consumption) and, where bidirectional hardware
is available, V2X dispatch. What changes between markets is only the magnitude of the saving, not the
mechanism.

This framing is important: the results of Sections 3.8 and 3.9 represent "what the BUZZZ Malta operational
profile would produce if Malta operated on a day-ahead spot market with the characteristics of AT 2024."
This is not a distortion of the results; it is the only way to evaluate the BCA’s day-ahead-optimization layer
on a Maltese-scale fleet. The transferability of the €/yr figures to an actual Maltese commercial setting
would require re-running the simulation against a forward-looking Maltese tariff (e.g. a ToU or a PPA-linked
dynamic tariff) once such products become available, and the sensitivity analysis in Section 3.9 brackets
the outcome under spreads 0.7x—2.0x the AT baseline to cover this range. Substantively, the 2024 AT curve
had a mean price of 9.84 ¢c/kWh and a median of 9.65 c/kWh with a slight positive skew and occasional
negative prices, and the hourly—monthly heatmap shows the canonical two-peak diurnal pattern (midday
10:00-14:00 and evening 18:00-21:00) with troughs in the early morning and during summer solar hours.
The BCA's smart-charging layer shifts charging into the troughs and caps demand peaks; where V2G is
active, the BCA additionally discharges into the price peaks for arbitrage.
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Figure 3-3: AWATTAR Austria 2024 day-ahead price distribution (left) and hourly—monthly heatmap (right).

3.6 Battery-pool operational behaviour

The aggregate savings figures are most clearly understood by examining the hour-by-hour operational
behaviour of the battery pool on a representative high-volatility day. Figure 3-4 presents the battery-pool
operating profile for 6 November 2024 (intraday price range -3.4 to 74.5 c/kWh). The top panel shows the
day-ahead price signal; the four panels below show grid power at the depot meter (left axis) and reserve-
pool state of charge (right axis) for each successive BCA optimization layer: Layer 1 — TOU arbitrage with
passive PV offset; Layer 2 — peak shaving at a 70 kW grid cap; Layer 3 — active PV self-consumption
optimization; and Layer 4 — co-optimized V2X dispatch. Each panel also plots the suboptimal baseline
(dashed) for comparison.
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Figure 3-4: Battery-pool operating profile for 6 November 2024 across four EMS optimization layers.
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The following three paragraphs describe the three rows of Figure 3-4 in turn. The price graph (top row) is
identical across all four columns: a deep overnight trough between 02:00 and 05:00 (with prices going
negative at -3.35 ¢/kWh) and a sharp evening peak at 74.5 ¢/kWh between 17:00 and 18:00. This is the
external signal against which the pool is being dispatched.
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The power graph illustrates the impact of each optimization layer on the total grid-power profile (charging
+ depot baseload). The grey shaded area at the bottom of each power panel represents the depot baseload
(mean 7.2 kW on this day). In Layer 1 (TOU arbitrage), the BCA concentrates all charging into the cheapest
price windows, creating sharp peaks up to 202 kW. The suboptimal baseline (dashed grey) spreads charging
across the day but still exceeds 140 kW at peak. In Layer 2 (peak shaving), the 70 kW charging cap limits
battery charging power, bringing total grid draw (charging + baseload) to approximately 83 kW. In Layer 3
(PV self-consumption), PV generation further reduces the grid draw during daytime hours. In Layer 4 (V2X),
the BCA discharges the battery pool during evening price peaks, exporting 60.6 kWh to the grid and
reducing the daily energy cost from €60 to €26.

The state-of-charge graph is where the operational story is most visible. In Layer 1, the pool SoC drops to
0 kWh by 18:00 as the BCA deliberately depletes the pool during expensive hours, then charges
aggressively overnight when prices go negative. The pool recovers to 42.6 kWh (100 %) by 06:00 for the
next shift, but the extended period at zero SoC means any unexpected swap demand in the evening would
be unserviceable. In Layer 2, the 70 kW constraint forces a gentler SoC trajectory: the pool never drops
below approximately 15 kWh, maintaining a buffer for operational flexibility. This is the direct consequence
of spreading charging across more time slots rather than concentrating it. In Layer 3, PV generation during
midday hours provides additional low-cost charging, further smoothing the SoC profile. The shift-readiness
constraint (100 % SoC at 06:00) is satisfied in all four cases, but the peak-shaved profiles achieve this with
significantly lower grid-power peaks and better operational resilience.

3.7 Simulation results

The simulation results are presented as a layered waterfall: each layer represents the incremental value
unlocked by adding one additional optimization capability on top of the preceding layer. Starting from the
suboptimal (immediate-charging) baseline, the four successive layers are: peak shaving with TOU arbitrage,
PV self-consumption optimization, V2B (behind-the-meter discharge), and V2G (grid-export discharge). All
figures are derived from a single full-year (2024) simulation of the BUZZZ Malta fleet operational profile,
priced against the AWATTAR 2024 Austrian day-ahead curve (see Section 3.6) and evaluated over the shift-
aligned operational-day window described in Section 3.2. Total costs include both energy charges (€/kWh
x consumption) and peak demand charges (Austrian Netznutzung Leistung at €65/kW/year, assessed on
the monthly 15-minute peak power draw). The inclusion of demand charges is essential because it reveals
the true economic impact of peak shaving, which is invisible when only energy costs are considered. Smart
charging (peak shaving, TOU arbitrage, and PV self-consumption optimization) is unidirectional and
requires no bidirectional hardware. V2X dispatch (V2B and V2G) requires bidirectional inverter capability
and, for V2G, grid-export permission. The V2X layers are co-optimized with smart charging within the same
BCA framework, so V2X dispatch is constrained to respect the 70 kW peak shaving ceiling at all times.
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Figure 3-5: Five-tier EMS cost waterfall for the BUZZZ Malta fleet, full-year 2024.

Figure 3-5 and Table 3-3 present the waterfall results. The Suboptimal baseline, defined by immediate
charging of every returning pack at the nominal rate without regard to electricity price or grid peaks, incurs
a total annual depot electricity cost of €19,347 (€10,558 energy + €8,789 demand charges). This baseline
already includes passive PV offset from the depot’s existing 100 kWp array, which absorbs 58,500 kWh/year
(37.4 % self-consumption) by offsetting grid draw whenever PV generation exceeds zero; however, the
charging schedule itself is not optimized around solar availability. Layering the BCA’s smart-charging tiers
(peak shaving at 70 kW + TOU arbitrage) on top of this baseline, without introducing any new hardware,
reduces the total annual cost to €12,190, a saving of €7,157/year (37.0 %). This tier captures the combined
value of (a) capping grid power draw at 70 kW via the synthetic penalty-price mechanism described in
Section 3.2, which cuts demand charges from €8,789 to €4,550 per year, and (b) time-shifting the remaining
charging demand into low-price windows.

Adding PV self-consumption optimization, where the BCA actively schedules charging to coincide with solar
production windows, reduces the total cost to €11,936/year, a further saving of €254/year. Under a fair
comparison (same array, same fleet hardware), passive PV absorption achieves 37.4 % self-consumption
while BCA-optimized scheduling increases this to 44.2 %. The modest incremental value reflects the fact
that passive PV absorption already captures most of the available solar offset: the depot baseload provides
a continuous daytime load that naturally absorbs PV, and the BCA’s ability to shift additional charging into
solar windows is constrained by the fleet’s swap-driven demand pattern. Like peak shaving and TOU
arbitrage, PV self-consumption optimization is unidirectional and requires no bidirectional hardware.
Together, tiers 2 and 3 constitute the smart charging layer, delivering €7,411/year (76 % of the total saving)
through software-only optimization of the existing charging infrastructure.
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Adding V2B (behind-the-meter discharge of the reserve pool into the depot’s own load during price peaks)
reduces the cost to €11,104/year, an incremental saving of €832/year. This reflects the fact that smart
charging has already captured most of the behind-the-meter arbitrage by time-shifting charging demand
itself; V2B exploits the residual spread between charging the pool at low prices and discharging into the
depot baseload (54,000 kWh/year BDEW [2] G2 profile) during high-price periods. V2B nevertheless
requires no grid-export permission and is therefore immediately deployable in regulatory environments
that do not yet permit V2G. Critically, the V2B dispatch is co-optimized with the 70 kW peak shaving
constraint: V2B charging is capped at the available grid headroom (70 kW minus the current baseline grid
draw) so that demand charges remain locked at €4,550/year.

Extending the dispatch scope to V2G (grid-export discharge during peak price windows) reduces the total
cost to €9,631/year, a further incremental saving of €1,473/year. This represents the monetizable value of
grid-export permission: the pool can be dispatched against the full price volatility of the day-ahead market,
selling stored energy back to the grid during evening price peaks. The V2G layer is bounded by the two-
cycle-per-day cap and the €0.04/kWh degradation cost (€1,385/year at the observed cycling rate), both of
which are internalized in the optimizer. Like V2B, the V2G dispatch is co-optimized with the peak shaving
constraint: V2G charging is capped at the available grid headroom so that the 70 kW ceiling is never
breached. Without this co-optimization, V2G charging would push total grid draw well above 70 kW during
cheap-price windows, destroying the peak shaving saving and making V2X counterproductive. Together,
V2B and V2G contribute €2,305/year (24 % of the total saving), confirming that V2X is a profitable add-on
to smart charging but not a standalone strategy.

Table 3-3: Five-tier EMS annual results for the BUZZZ Malta fleet, full-year 2024. Costs include energy and demand charges

Energy Demand Total Saving
Suboptimal (immediate) €10,558 €8,789 €19,347 -
+ Smart charging (PS
70kW + TOU) €7,640 €4,550 €12,190 €7,157
+ PV self-consumption

(100 kWp) €7,386 €4,550 €11,936 €254

+ V2B co-optimized €6,554 €4,550 €11,104 €832
+V2G co-optimized €5,081 €4,550 €9,631 €1,473

Taken together, the five tiers represent an annual swing of approximately €9,716 for a 25-vehicle BUZZZ-
style depot, relative to the immediate-charge baseline (including demand charges and passive PV offset).
The bulk of this swing, €7,411 or 76 %, is captured by smart charging (peak shaving, PV self-consumption
optimization, and TOU arbitrage), which is purely unidirectional and requires no bidirectional hardware or
regulatory approval. The remaining €2,305 (24 %) is contributed by co-optimized V2X (V2B + V2G), which
requires bidirectional inverters and, for V2G, grid-export permission. The critical architectural insight is that
V2X must be co-optimized with the peak shaving layer: without the 70 kW grid-power ceiling constraint,
V2X charging creates new demand peaks that destroy more value in demand charges than the arbitrage
earns. When properly co-optimized, the two layers are complementary: smart charging flattens the load
profile and creates predictable grid headroom windows, within which V2X can safely charge and discharge.
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3.7.2 Monthly breakdown of BCA savings

Monthly BCA Smart Charging Savings (Total: €7,411/yr, 38.3%)
Including energy + demand charges (€65/kW/yr), 70 kW total grid cap, 54,000 kWh/yr baseload, 100 kWp PV
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Figure 3-6: Monthly BCA smart-charging savings versus the suboptimal baseline, full year 2024.

Figure 3-6 shows the monthly breakdown. Monthly savings from the full smart-charging stack (peak
shaving + PV self-consumption optimization + TOU arbitrage) are consistent, ranging from 35.7 % in
November to 42.8 % in September. Because the suboptimal baseline already includes passive PV offset,
the BCA’s incremental saving reflects only the value of active optimization (scheduling, peak shaving, and
TOU arbitrage) rather than the hardware value of the PV array itself. The demand-charge reduction (from
€8,789 to €4,550 annually) contributes a steady baseline saving each month, while the energy-cost savings
vary with seasonal price volatility and PV production. November and December show the highest absolute
savings (€768 and €849 respectively) due to wider winter price spreads. The seasonal variation underscores
the sensitivity of the EMS opportunity to the underlying market environment: deployments in higher-
volatility markets (such as Austria, Germany, or the Nordic countries) would yield larger savings in both the
smart-charging and V2G layers than the Malta reference case reported here.

3.8 Extended analysis: Battery-pool sizing optimization

The work reported in Sections 3.1 to 3.4 takes the depot reserve as a fixed input (20 spare packs, 42.6 kWh)
and optimizes only the dispatch of that pool. A natural extension of the V2X analysis is to treat the reserve
pack count itself as a decision variable: each additional spare pack increases the dispatchable V2X capacity
(and therefore the arbitrage revenue), but also adds to the depot's capital expenditure. Because the
swappable battery is the single largest capital line item in a GIANTS-style fleet, the question of how large
the reserve should be is just as important to the depot operator as the choice of dispatch algorithm, and
is the subject of this section.

3.8.1 Battery Sizing Methodology

Two reference reserve sizes bound the trade-off. The first is the configuration adopted in the BCA
simulations of Section 3.8: 20 spare packs (42.6 kWh), chosen as a compact reserve sized to absorb peak
swap concurrency at the 19:00 evening rush plus a small dispatchable buffer. The second is the implicit 1:1
reserve-to-in-service ratio that appears in the original i2m sizing spreadsheet for a comparable Austrian
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last-mile delivery use case (“total of 60 batteries: 10 vehicles, 3 batteries used in vehicle plus 3 batteries
charging”). For BUZZZ Malta this rule yields 75 spare packs (159.75 kWh), bringing the depot total to 150
packs (319.5 kWh). The operational logic of the 1:1 rule is intuitive - every pack on the road has a charged
twin available at the depot. The additional 55 packs above the 20-pack configuration represent a
substantial capital outlay that V2X arbitrage may or may not justify.

A parametric sweep [11] over reserve_packs € [0, 75] was performed. For each reserve size, two pool-size-
dependent benefit components were evaluated. The first is V2X arbitrage, anchored on the BCA simulation
result at 20 packs (V2B + V2G = €2,305/year) and scaled linearly with throughput up to the bidirectional-
inverter ceiling (50 kW x 6-hour discharge window = 300 kWh/day). At 20 packs the system is throughput-
bound, with a daily two-cycle limit of 85.2 kWh well below the inverter ceiling, so the marginal V2X value
per pack is approximately constant at €115.25/pack/year (= €2,305 / 20). The inverter ceiling becomes
binding only above approximately 70 packs. The second component is the incremental PV self-
consumption benefit: a larger battery pool can absorb more midday PV surplus that would otherwise be
exported at the lower feed-in tariff. To quantify this effect, the BCA was re-run at each reserve size for July
2024 (the peak PV production month), and the resulting incremental PV self-consumption value (net of
TOU flexibility loss) was extrapolated to an annual estimate using a seasonal multiplier of 7 (reflecting the
concentration of PV surplus in summer months). At 20 spare packs the incremental PV benefit is
approximately €77/year; at 75 spare packs it reaches approximately €287/year. This component is smaller
than the V2X value but not negligible, and it scales with pool size because a larger pool can absorb PV
surplus that exceeds the smaller pool’s storage capacity on high-irradiance days.

The annualised capital cost of an additional pack was computed using the parameters confirmed for this
study: pack procurement cost €700 (= €330/kWh, mid-range 2026 LFP including BMS, housing, integration);
8-year asset life; 5 % discount rate. The resulting capital recovery factoris CRF=0.05/ (1 -1.0578) =0.1547,
giving an annualised cost of €108.31/pack/year. Sensitivity bands of €500—1,000/pack on the cost side and
x0.7 to x2 on the combined benefit are presented alongside the central case. Note that peak shaving
savings (€7,157/year) are not included in this sweep because they genuinely do not scale with reserve-
pack count: peak shaving depends on the grid-connection limit, not on battery-pool capacity. However, PV
self-consumption does scale with pool size (a larger pool absorbs more midday PV surplus), and this
component is now included in the combined benefit line. The question addressed by this sweep is: given
that the fleet already requires a reserve of a certain size for operational reasons, how many additional
packs, if any, are justified by the incremental V2X and PV revenue they would generate?
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Battery-pool reserve sizing: combined benefit (V2X + PV) vs. annualised capex
BUZZZ Malta, BCA V5.2.2, July 2024 sweep extrapolated to annual

Capex sensitivity (EUR 500-1,000/pack)
Benefit sensitivity (0.7x-2x spread)
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Figure 3-7: Battery-pool reserve sizing — combined annualised benefit (V2X + PV self-consumption) versus pack capex, BUZZZ
Malta.

3.8.2 Battery Pool Sizing Results

Figure 3-7 and Figure 3-4 summarize the sweep at selected reserve sizes. Under the central assumptions
(€700/pack, 8 yr, 5 %), the combined benefit per pack (V2X + PV self-consumption = €119/year at 20 packs)
roughly matches the marginal capex (€108/year), yielding a modest positive net value of €216/year at the
20-pack design point. The per-pack net margin (approximately €11/year on a €700 investment) is thin; it
represents a return of roughly 1.6 % on capital and should not be interpreted as an investment case for
procuring additional packs beyond the operationally required reserve. Rather, the significance of this result
is that the combined V2X + PV benefit approximately covers the annualised cost of the packs the fleet
would need to procure for operational reasons in any case, making the operationally required reserve
effectively cost-neutral. Beyond approximately 70 packs the bidirectional-inverter ceiling (300 kWh/day at
the assumed 50 kW rating) becomes binding on the V2X component: packs above this threshold can still
absorb PV (approximately €4/pack/year) but can no longer contribute to V2X arbitrage, so the marginal
benefit falls well below capex and the net value drops sharply. Under the conservative €1,000/pack
scenario (annualised €155/pack/year), capex exceeds the combined benefit at all reserve sizes; under the
aggressive €500/pack scenario (annualised €77/pack/year), the combined benefit exceeds capex by
roughly 1.5:1.
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Table 3-4: Reserve-sizing sweep, annualised combined benefit (V2X + PV), capex, and net value (BUZZZ Malta, central assumptions).

Reserve Combined

Reserve kWh Capex EUR/yr Net EUR/yr
10 213 1,191 1,083 108
20 42.6 2,382 2,166 216
30 63.9 3,574 3,249 325
40 85.2 4,765 4,332 433
50 106.5 5,956 5,415 540
60 127.8 7,146 6,498 647
70 149.1 8,336 7,581 755
75 159.75 8,403 8,123 280

3.8.3 Implications

The central finding, that the combined V2X + PV benefit roughly covers pack capex under the central
assumptions, has three direct implications. It is important to note that this finding rests on several
modelling assumptions that would need to be validated for any specific deployment: the pack procurement
cost (€700), the asset life (8 years), the discount rate (5 %), the bidirectional inverter rating (50 kW,
assumed, not installed at BUZZZ), the PV array size (100 kWp), and the day-ahead price spread (AWATTAR
2024 Austrian curve). Changes to any of these parameters shift the balance between benefit and capex,
and the thin per-pack margin (= €11/year) means the result is sensitive to these assumptions.

First, the reserve must be sized on operational grounds. The minimum is set by the peak swap concurrency
window (in the BUZZZ case, the 19:00 evening rush carries about 18 of the 50 daily swaps, so the depot
must hold enough fully-charged packs at 16:00 to absorb roughly 54 incoming pack-changes over the
evening period without driver wait time). A conservative operational floor of approximately 10-15 packs
is sufficient for the BUZZZ pattern; the 20-pack configuration used in this document provides modest
additional headroom for unplanned demand, charger outages, and pack-failure resilience. The energy-
economic analysis does not change this sizing logic, but it does change the cost framing: under the central
assumptions, the combined V2X + PV benefit approximately covers the annualised capex of these
operationally required packs, making the reserve effectively cost-neutral rather than a pure capital outlay.
This is a cost-recovery argument, not an investment thesis. The thin per-pack margin does not justify
procuring additional packs beyond the operational requirement purely for energy arbitrage.

Second, the total BCA value on the operationally-required reserve extends well beyond V2X arbitrage. The
updated five-tier waterfall (Section 3.8.1) shows that smart charging alone (peak shaving + PV self-
consumption optimization + TOU arbitrage) delivers €7,411/year on the 20-pack reserve, while co-
optimized V2X adds a further €2,305/year, for a combined total of €9,716/year. The smart charging savings
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do not scale with pack count in the same way as V2X revenue; they depend on the grid-connection limit
and PV capacity, not on the size of the battery pool. The 42.6 kWh pool at 20 packs already provides
sufficient flexibility to operate at 70 kW with zero infeasible swaps. This means the packs that would have
to be procured for operational reasons in any case generate nearly €10,000/year of combined EMS value
as a cost-free overlay, making the business case for BCA deployment unambiguous even without V2X.

Third, a conservative 1:1 reserve-to-in-service sizing approach remains over-provisioned for the BUZZZ
ride-hailing pattern. Although the combined benefit nominally exceeds capex across most of the sweep
range, the per-pack margin is thin enough that the result is sensitive to assumptions. Beyond approximately
70 packs the bidirectional-inverter ceiling binds, and the marginal benefit per pack drops sharply below
capex, so any reserve above the inverter-throughput ceiling is clearly uneconomic on energy grounds
alone. The 1:1 rule may still be appropriate in last-mile delivery use cases where the swap pattern is more
concentrated (single peak with all vehicles converging in a short window), but for ride-hailing patterns with
smoother diurnal swap distributions, the 20-pack configuration is operationally sufficient and
approximately cost-neutral through the combined energy benefit.

3.8.4 Sensitivity and transferability

The result is sensitive to three parameters. First, the day-ahead price spread on the AWATTAR 2024 Austrian
curve used here as the price-signal proxy is comparatively narrow (mean intra-day peak-trough spread =
€0.06-0.10/kWh, see Section 3.8); in markets with wider spreads (Germany, the Netherlands, the UK),
both the V2X value and the PV self-consumption benefit scale with the spread, and the combined break-
even pack cost rises proportionally. At a 2x spread the combined benefit would comfortably justify reserve
expansion up to the inverter ceiling. At a 0.7x spread the combined benefit narrows but remains positive
at the central capex assumption for reserves up to approximately 50 packs. Second, the PV array size
directly affects the PV-scaling component: the 100 kWp array used here generates substantial midday
surplus, but a smaller array would reduce the pool-size-dependent PV benefit proportionally. Third,
regulatory access to V2G remuneration varies widely; markets with explicit V2G capacity payments (UK
Dynamic Containment, German FCR for pre-qualified assets) would shift the benefit line upward by an
additional €50-150/kWh-pool-year, further improving the case for a larger reserve. The same sensitivity
analysis also covers the case of re-pricing the BUZZZ Malta fleet against a hypothetical future Maltese
dynamic tariff.

The methodology presented here is fully transferable: a fleet operator can re-run the sweep with their own
pack cost, asset life, and local price spread, and obtain a defensible, market-specific recommended reserve
size. This makes the analysis a candidate component of the i2m commercial offering for swappable-battery
fleet operators, the BCA license is paired with a brief sizing study that quantifies how many packs the
operator should procure and what fraction of those are commercially attributable to V2X.

Across all three deployment contexts, the BCA provides the same core service: it consumes a price or tariff
signal, a load profile, and optional PV generation data, and it returns a cost-optimal dispatch schedule for
the available battery capacity. The fleet, household, and community cases are not three different
algorithms; they are three parameterizations of a single LP. This architectural property ensures that
improvements to the optimizer (e.g. the pack-level mixed-integer extension discussed in Section 3.10.5)
propagate to all deployment contexts without requiring separate development tracks.

PU (Public) | V5.0 | Final Page 29 | 34




(

Description of Work

GIANTS
3.8.5 Transferability to other deployment contexts

The BCA is parametric by design: the LP formulation accepts any 15-minute price series, any load profile,
any PV generation curve, and any battery configuration. What changes between deployment contexts is
the parameterization and which constraint families are active, not the algorithm itself. The Malta fleet case
exercises the full optimization stack (swap scheduling, pool aggregation, V2X layering, PV co-optimization).
Two additional deployment contexts defined in the GIANTS project illustrate how the same framework
applies at different scales.

The value proposition in emerging-market contexts is qualitatively different from the European fleet case.
Where the Malta fleet captures value primarily through day-ahead price arbitrage, the community case
captures value through PV self-consumption (reducing dependence on expensive or unreliable grid supply)
and through energy availability (extending access to stored solar energy into evening and nighttime hours
when the grid may be absent). The economic parameters of an emerging market (local tariff structures, PV
irradiance, load profiles) differ substantially from the Austrian price data used in the Malta simulation, and
a production deployment would require reparameterization against local inputs.

In a community microgrid context, GIANTS modules that are not currently installed in vehicles can serve as
a shared stationary storage pool for the community. The battery pool is physically the same hardware as in
the fleet case, but the operational mode differs: instead of cycling through vehicle swaps, the modules
remain docked at a central charging point and are dispatched by the BCA to buffer PV generation against
the community load profile. The optimization problem is structurally identical to the fleet case (cost
minimization subject to SoC bounds, charge/discharge limits, and an efficiency loss model), but the swap-
scheduling and shift-readiness constraints are replaced by a community reserve constraint that ensures a
minimum stored energy buffer is maintained at all times.

In a residential setting with rooftop PV and one or two GIANTS modules used as behind-the-meter storage,
the swap dynamics drop out entirely. The optimization reduces to a single-module charge/discharge
problem where the dominant value channel shifts from day-ahead grid arbitrage to PV self-consumption
maximization. The BCA schedules charging during midday solar surplus and discharges the module into the
household load during the evening price peak, increasing the self-consumption ratio and reducing grid
dependence. The absolute savings are modest (limited by the small module capacity relative to household
load), but the optimizer runs as a zero-cost software layer on hardware that already exists for vehicle
charging, so any positive return is net benefit. Parametric runs with Austrian market data indicate annual
savings in the range of EUR 50 to 150 per module, depending on PV size and household consumption
profile. Formal validation of the household use case is planned as part of the field trials in WP4.

3.9 Modelling assumptions and limitations

3.9.1 BCA as a single-battery linear programme

The optimization engine’s core formulation models a single battery with a single SoC variable, a single
charge/discharge power variable, and continuous state-of-charge dynamics. To represent the GIANTS
swappable-battery fleet, this single-battery formulation is used in two distinct ways: (i) for the BCA baseline
and PV co-optimization tiers, the entire fleet pack inventory (75 in-service packs + 20 spare packs = 95
packs x 2.13 kWh = 202 kWh nominal) is aggregated as one virtual battery with TOTAL_POOL_CAPACITY =
159.75 kWh and a 15 %—100 % SoC corridor; (ii) for the V2B and V2G overlays, only the 20 spare packs
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(42.6 kWh) are modelled as a separate continuous battery with its own SoC variable, dispatched against
day-ahead prices subject to the operational constraints.

This aggregation is the standard linear-programme approximation: the discrete swap events that actually
move energy between vehicles and pool are not represented as separate decision variables. Instead, the
swap-driven energy flow is folded into the continuous load curve at the appropriate hours.

3.9.2 Swap dynamics in the load curve

In the operational reality of the BUZZZ fleet, each of the 50 daily swap events is an instantaneous event:
three fully-charged packs (3 x 2.13 kWh = 6.39 kWh) depart with the vehicle and three depleted packs (3
x 0.53 kWh = 1.60 kWh, assuming 25 % return SoC) return to the pool. The net energy flux per swap is
approximately —4.79 kWh (out of pool). In the linear programme, these discrete events are not modelled
directly; rather, the per-day vehicle energy demand is summed and applied as a continuous load over the
operational window. This is mathematically equivalent for the aggregate energy bookkeeping but does not
capture the instantaneous SoC drops visible in the operational cycle view (Section 3.7). The operating cycle
figure therefore overlays the swap-driven SoC drops as a post-processing step; the BCA’s own optimization
treats the swap demand as a smooth load.

3.9.3 V2X overlay vs. integrated co-optimization

Within the BCA, V2B and V2G are currently evaluated as a second-pass dispatch of the 20-pack reserve
pool against day-ahead prices, after the first pass has produced the optimized smart-charging schedule for
the in-service packs. In the BCA, these overlays are co-optimized with the peak shaving layer: the V2X
charge power at each interval is capped at the available grid headroom (70 kW minus the baseline grid
draw produced by the BCA). This constraint is essential because without it, V2X charging during cheap-
price windows pushes total grid draw well above the cap, creating demand-charge spikes that destroy more
value than the arbitrage earns (without the cap, the uncapped V2G scenario costs significantly more than
the smart-charging baseline despite generating positive arbitrage revenue, because the demand-charge
increase outweighs the energy-cost savings). With the co-optimization constraint, the 70 kW ceiling is
respected across all tiers, demand charges remain locked at €4,550/year, and V2X delivers a clean
€2,305/year incremental saving. The remaining architectural limitation is that this is still a sequential
decomposition (smart-charging pass first, then V2X dispatch pass) rather than a fully integrated joint
formulation; the expected missed value from this gap is below 5 % of the V2G figure and has been deferred
to the planned pack-level reformulation (see Section 3.10.5).

3.9.4 Implications for interpretation

The reported €9,716 total saving (€7,411 smart charging + €2,305 V2X) represents the upper bound of
what the aggregated linear-programme formulation can deliver under the modelling assumptions stated
above. The full pack-level mixed-integer formulation that would be required to capture the discrete swap
dynamics introduces additional binding constraints: individual pack SoC trajectories, pack-to-vehicle
assignment, charger-channel availability, and are expected to recover an estimated 80-90 % of the
simulated savings in a real deployment.
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4. Conclusion

This document has documented the smart charging and V2X concept for the GIANTS modular swappable
battery platform, the BCA optimization methodology, and a quantitative full-year simulation of the
optimization potential for the BUZZZ Malta reference case. The five-tier EMS waterfall (including both
energy and demand charges) shows that smart charging alone (peak shaving + PV self-consumption
optimization + TOU arbitrage) reduces annual depot electricity cost from €19,347 (suboptimal with passive
PV) to €11,936, a saving of €7,411/year (38%), achieved entirely through unidirectional software
optimization with no bidirectional hardware. Co-optimized V2X (V2B + V2G, constrained to respect the 70
kW peak shaving ceiling) adds a further €2,305/year, bringing the total to €9,716/year. Smart charging
accounts for 76% of this total, V2X for 24%. The co-optimization is essential: without the peak shaving
constraint, V2X charging creates demand-charge spikes that destroy more value than the arbitrage earns.

The methodology contributes to the growing body of work on V2X economics by applying the analysis
specifically to a swappable-battery fleet context, where the pool composition changes with each swap
event and the optimizer must respect shift-aligned readiness constraints that do not arise in conventional
fixed-battery EV fleets. The layered evaluation framework, which separates unidirectional smart-charging
value from the incremental value of co-optimized bidirectional V2X, provides a structured basis for fleet
operators to assess which capabilities to deploy first and where the hardware investment threshold lies.
The accompanying battery-pool sizing sweep introduces a combined V2X-plus-PV cost-recovery framework
that can be reparameterized for any market, pack cost, and PV configuration.

The reported figures are derived from a single-battery linear-programme formulation that aggregates the
entire battery pool into one virtual battery (see Section 3.10). In a real deployment, the optimizer would
need to track each physical pack individually, accounting for discrete swap events, charger-channel
availability, and per-pack SoC constraints. These additional constraints reduce the scheduling flexibility
available to the optimizer, meaning the realizable savings in practice would be lower than the aggregated
figures reported here. The magnitude of this gap is not yet quantified and will depend on the specific fleet's
swap pattern and charger infrastructure.

The principal risks are: (i) regulatory risk, as V2G grid-export permission is not yet available in Malta and is
uncertain in several other GIANTS deployment markets, though this affects only the V2X tiers (24% of total
saving) while smart charging (76%) faces no regulatory barrier; (ii) market risk, as future compression of
the day-ahead price spread would reduce the realizable arbitrage value; and (iii) modelling risk, where the
linear-programme formulation provides an upper bound on what is achievable in a real deployment.
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Term ‘ Definition

GIANTS

AC Alternating Current

AWATTAR European day-ahead electricity-price data provider in Austria

BCA Battery Control Algorithm

BDEW Bundesverband de'r Energie- und Wasserwirtschaft (German Association of Energy
and Water Industries)

BMS Battery Management System

BUZZZ BUZZZ Electric (Malta ride-hailing operator, GIANTS use-case partner)

Capex Capital Expenditure

CRF Capital Recovery Factor

CVvUT Czech Technical University in Prague

EMS Energy Management System

EPEX European Power Exchange

FCR Frequency Containment Reserve

LEV Light Electric Vehicle

LFP Lithium Iron Phosphate (battery cell chemistry)

LP Linear Programme

PPA Power Purchase Agreement

PV Photovoltaic

SoC State of Charge

TOU Time of Use

V2B Vehicle-to-Building

V2G Vehicle-to-Grid

V2L Vehicle-to-Load

V2V Vehicle-to-Vehicle

V2X Vehicle-to-Everything (umbrella term covering V2B, V2G, V2L, V2V)
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