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[bookmark: _Toc220096810]PART 1: BUILDING SERVICES AND ENERGY AUDIT
[bookmark: _Toc220096811]1. Overview of the Case Study Building
The Innovation Matrix building is a purpose-built academic and innovation facility located on the University of Wales Trinity Saint David (UWTSD) campus. It supports teaching, research, collaboration, and enterprise activities, providing flexible accommodation for staff, students, and external partners. Teaching spaces, offices, collaborative areas, welfare facilities, and plantrooms are integrated to reflect contemporary higher education operational requirements.
Arranged over ground and first-floor levels, the building incorporates defined services cores, circulation zones, and a central atrium that enhances spatial connectivity and daylight penetration. Mechanical plantrooms at both levels enable efficient vertical and horizontal service distribution, supporting maintainability, operational resilience, and long-term adaptability in response to changing university demands.
A key characteristic of the building is the early integration of building services within the architectural and structural design. Builderswork drawings clearly define service penetrations through slabs and walls, demonstrating coordinated integration of mechanical, electrical, and Building service systems. This approach reduces construction-stage clashes, improves installation efficiency, and supports reliable long-term operation in a complex academic environment.
[bookmark: _Toc220096812]1.1 Significance of Building Engineering Services
Building engineering services are central to the effective operation of the Innovation Matrix building, directly determining occupant comfort, safety, functionality, and environmental performance. Academic buildings demand highly adaptable systems capable of supporting diverse and fluctuating activities, ranging from individual study to high-density teaching and events.
Mechanical services maintain thermal comfort, indoor air quality, and hygiene through heating, ventilation, and domestic hot water provision, while electrical systems support power, lighting, data infrastructure, and life-safety functions essential for teaching and research. Building service and fire protection systems further safeguard occupant wellbeing and protect the building fabric.
Sustained performance is heavily dependent on maintenance and energy efficiency. Planned maintenance reduces failure risk and unplanned downtime, while efficient operation supports institutional carbon reduction targets and long-term cost control. The Innovation Matrix building reflects a performance-led approach in which engineering services are integral to the overall building strategy, consistent with best practice emphasising whole-life performance, maintainability, and energy efficiency in non-domestic buildings (CIBSE, 2023; HM Government, 2022).
[bookmark: _Toc220096813]2 Description of Building Engineering Services Delivery
[bookmark: _Toc220096814]2.1 Delivery of Building Engineering Services within the Innovation Matrix Building
The delivery of building engineering services within the Innovation Matrix building adopts a coordinated, D-centralised strategy integrating mechanical, electrical, and plumbing systems within dedicated plantrooms and vertical service risers. This approach reflects contemporary best practice for non-domestic academic buildings, where efficiency, accessibility, and long-term operational performance are critical.
Mechanical services are distributed from ground and first-floor plantrooms that function as hubs for heating and domestic hot water systems. Locating major plant away from occupied areas reduces noise transmission and enables maintenance without disrupting academic activity. Vertical service risers support efficient distribution, zoning, and future adaptability in response to evolving university requirements.
Heating is provided via a low-temperature hot water (LTHW) system supplied from centralised plant. The inclusion of buffer vessels and controlled distribution circuits promotes hydraulic stability and energy-efficient heat delivery to terminal units suited to academic environments. This configuration aligns with guidance promoting low-temperature systems to reduce carbon emissions in non-domestic buildings (CIBSE, 2023).
Electrical services are organised around central distribution points with containment routed through coordinated service zones. This supports resilience, regulatory compliance, and safe operation of power, lighting, data, and life-safety systems while reducing installation conflicts during construction.
Building service services are routed through defined horizontal and vertical zones, incorporating water storage and boosting equipment to ensure pressure stability and continuity of supply. Drainage coordination with builderswork penetrations protects fire compartmentation and structural integrity, reflecting best practice for public buildings (BSI, 2022).
Overall, the services strategy demonstrates strong integration with architectural and structural design, delivering a maintainable, energy-efficient, and adaptable solution that supports the building’s academic function and sustainability objectives.
[bookmark: _Toc220096815]3 Schematic Diagrams and Photographic Evidence of Building Engineering Services
[bookmark: _Toc220096816]3.1 Interpretative Representation of Building Engineering Services (Derived from Site Evidence)
Although full schematic drawings were available but, the organisation and integration of HVAC, electrical, and plumbing systems have been interpreted through coordinated site photographs. These interpretations demonstrate system logic, zoning, and service interaction consistent with schematic intent, fulfilling the requirement to communicate service layout and integration within a complex academic building.
[bookmark: _Toc220096817]3.1.1 Schematic Diagrams of Engineering Services
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Figure 1: Indicative HVAC System Schematic – Innovation Matrix Building
The depiction depicts how the rooftop mechanical plant, air handling units, distribution ductwork and building controls have been incorporated (Ma et al., 2023). It shows the interaction between the heating, cooling, and ventilation systems and electrical systems to supply efficient conditioned air to spaces occupied.
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Figure 2: Indicative Electrical Services Schematic – Innovation Matrix Building
This schematic represents the arrangement and connection of the electrical services in the building, in that the power flowing into the building on the incoming grid is delivered to the main intake and LV switchboard, which in turn provides distribution boards to lighting, small power and mechanical plant and life-safety systems (Ebrahimi et al., 2023). It also shows the energy tracking and BMS-related control that facilitates the effective functioning.
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Figure 3: Indicative Plumbing and Services Schematic – Innovation Matrix Building
This schematic plan displays the plan and combination of plumbing and Building Service systems of the building in terms of cold and hot water, sanitary equipment and drainage systems. It features control and safety elements that promote effective operation, accessibility of maintenance, hygiene standards and compliance with regulations in the building.




[bookmark: _Toc220096818]3.2 Photographic Evidence of Building Engineering Services
[bookmark: _Toc220096819]3.2.1 Electrical & Life-Safety Systems
[image: hhhh]
Image 1-Fire Alarm / Electrical Life-Safety System
Colour-coded fire alarm zone chart enhances emergency response and fault isolation through clear spatial zoning. System effectiveness relies on accurate as-built updates; outdated drawings risk delayed intervention and compromised life-safety performance.

[image: ]
Image 2-Electrical Control / BMS Integration
Motor control panel with BMS interface enables centralised monitoring and plant operation. Clear status indication improves fault diagnosis; however, operational resilience depends on segregation, safe isolation procedures, and reliable communication with building management systems.
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Image 3-Electrical / HVAC Distribution
Overhead cable trays, containment, and lighting integrated with ductwork demonstrate coordinated services routing. Exposed installations aid inspection, yet congested zones elevate fire-stopping, electromagnetic interference, and future adaptability risks without disciplined segregation and documentation.
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Image 4-ICT / Electrical Infrastructure
Ceiling-mounted wireless access point integrates low-voltage power and data to support building operations. Centralised placement improves coverage efficiency; however, performance depends on coordinated RF planning, power resilience, and structured cabling quality.
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Image 5-Electrical / Building Services Integration
High-bay luminaires mounted to exposed steel structure provide efficient lighting for large-volume spaces. Open installation aids heat dissipation and maintenance, yet requires careful coordination with HVAC airflow, glare control, and energy management strategies.
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Image 6-Electrical / Life-Safety Communication
Disabled refuge emergency voice communication panel integrates electrical life-safety systems, enabling assisted evacuation coordination. Robust enclosure and zoning enhance resilience; effectiveness depends on routine testing, power backup integrity, and clear operational signage.
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Image 7-Electrical / Facilities Access
Flush floor access panel enables concealed electrical or data services while maintaining architectural finish. Integration supports flexibility, yet poor visibility and traffic exposure increase trip, load, and maintenance risks without robust detailing and clear asset records.
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Image 8-Electrical / Access Control System
Electronic door access with RFID reader links security, power, and data services. Enhances controlled circulation and auditability, yet reliance on electrical continuity and network integration demands fail-safe unlocking and coordinated fire-alarm interfacing.

[bookmark: _Toc220096820]3.2.2 HVAC Systems
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Image 9-Rooftop HVAC / Electrical Integration
Rooftop VRF condensers on steel framing show efficient decentralised cooling and heat rejection. Elevated mounting aids airflow and maintenance, yet wind exposure, noise transmission, and structural load paths require careful vibration and acoustic control.
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Image 10-Mechanical / HVAC & Plumbing Plant
Plantroom shows pressurisation vessel, pumps, valves, and insulated pipework enabling thermal regulation and system stability. Instrumentation supports monitoring, yet dense services increase complexity, heightening commissioning risk and demanding disciplined maintenance management.
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Image 11-Mechanical / Electrical Pump Set
Twin variable-speed pumps with pressurisation vessel provide resilient, energy-efficient circulation and pressure control. Redundancy improves reliability; however, close equipment spacing constrains access, increasing maintenance risk and reliance on precise commissioning and monitoring.
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Image 12-HVAC / Indoor Air Quality Monitoring
Wall-mounted CO₂ and humidity sensor provides real-time IAQ data to modulate ventilation rates. Demand-controlled ventilation improves energy efficiency, yet sensor accuracy, placement, and BMS calibration critically govern occupant comfort and health outcomes.
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Image 13-Environmental Monitoring / BMS Sensor
Wall-mounted environmental sensor supports HVAC control and energy optimisation through real-time data. Discreet placement aids aesthetics, yet inaccurate siting or poor calibration can undermine comfort control and building management system performance.

[bookmark: _Toc220096821]3.2.3 Plumbing 
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Image 14-Mechanical / Plumbing Distribution
Insulated pipework with valves and flow identification demonstrates coordinated plumbing and HVAC services. Thermal insulation limits energy loss, yet dense clustering increases maintenance difficulty, valve accessibility issues, and reliance on accurate labelling and documentation.
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Image 15-Roof Plumbing / HVAC Drainage & Access
Roof-mounted condensate/vent pipe integrated beside maintenance walkways demonstrates coordinated plumbing and HVAC servicing strategy. However, tight clearances and pedestrian proximity heighten impact, leakage, and safety risks without guards and robust detailing.
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Image 16-Heating / Plumbing Distribution
Insulated flow-and-return pipework with isolation valves indicates efficient heat distribution and energy conservation. Clear directional labelling aids commissioning; however, tight routing near partitions increases risk of impact damage and complicates future alterations.

[bookmark: _Toc220096822]3.2.4 Integrated / Architectural Interfaces
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Image 17-Building Façade (IM Building)
The glazed façade demonstrates passive daylighting and solar gain control, reducing artificial lighting demand while increasing cooling loads, requiring efficient HVAC zoning and shading strategies to balance occupant comfort with energy performance.
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Image 18-Life Safety / Electrical & HVAC Interface
Automatic sliding entrance integrates emergency lighting, exit signage, access control, and overhead HVAC ductwork. Effective life-safety coordination is evident, though exposed services demand precise fire-stopping, controls integration, and ongoing commissioning.
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Image 19-Electrical / Renewable Energy Integration
Photovoltaic array integrated with roof access systems supports on-site electrical generation and decarbonisation. Performance depends on optimal orientation, shading control, maintenance access, and effective integration with building electrical distribution and monitoring systems.
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Image 20-Maintenance Access / Integrated Services
Vertical ladder access within a services riser enables maintenance of concealed electrical and mechanical systems. Compact integration maximises space efficiency, but restricted clearances elevate health-and-safety risks and complicate compliant servicing procedures.
[bookmark: _Toc220096823]4 Major Items of Plant: Schedule and Critical Commentary
[bookmark: _Toc220096824]4.1 Schedule of Major Items of Plant
Table 1 presents the major items of mechanical and Building service plant identified within the Innovation Matrix building, based on the plantroom layouts and mechanical schematics. Only plant explicitly indicated within the project documentation is included. Where specific manufacturer or model information provided within the issued drawings or specifications, this is transparently stated to maintain evidential integrity.
Table 1: Major Items of Plant - Innovation Matrix Building
	Plant Item
	Description & Function
	Location
	Manufacturer / Model
	Installation Date
	Expected Lifespan
	Maintenance / Servicing Schedule

	Air Source Heat Pump / Outdoor Condenser Units
	Provide heating and cooling energy for the HVAC system via chilled/hot water or direct expansion
	Rooftop plant area
	Assumed: Mitsubishi Electric / Daikin commercial ASHP
	2023 (assumed – Stage 5 construction)
	20–25 years
	Quarterly inspections; annual performance and refrigerant checks

	Air Handling Unit (AHU)
	Supplies conditioned and ventilated air to occupied spaces
	Roof-mounted or internal plant/service zone
	Assumed: FläktGroup / Swegon AHU
	2023 (assumed)
	20–25 years
	Quarterly filter checks; biannual servicing; annual airflow balancing

	Circulation Pumps
	Circulate heating/cooling water between the plant and AHUs
	Plant room/service zone
	Assumed: Grundfos inline pumps
	2023 (assumed)
	15–20 years
	Quarterly inspection; annual bearing and seal checks

	Expansion Vessel
	Maintains system pressure and accommodates thermal expansion
	Plant room
	Assumed: Flamco expansion vessel
	2023 (assumed)
	15–20 years
	Annual pressure and integrity inspection

	Electrical LV Distribution Board (LVDB)
	Distributes electrical power to lighting, small power, and mechanical services
	Electrical switch room
	Assumed: Schneider Electric LV panel
	2023 (assumed)
	25–30 years
	Annual inspection; thermal imaging every 2–3 years

	Emergency Power / Backup System
	Provides power to priority life-safety and essential systems
	Electrical plant area
	Assumed: UPS / Generator system
	2023 (assumed)
	20–25 years
	Monthly testing; annual full service

	Photovoltaic (PV) System
	Generates on-site renewable electricity to offset grid demand
	Roof-mounted
	Assumed: 10–20 kW PV array
	2023 (assumed)
	25–30 years
	Annual inspection; inverter servicing every 5 years



[bookmark: _Toc220096825]4.2 Critical Commentary on Major Plant Strategy
The major plant strategy within the Innovation Matrix building reflects a clear transition from fossil-fuel-based systems to lower-carbon, electrically driven solutions. The selection of an air source heat pump as the primary heat generator aligns with UK decarbonisation policy and best-practice guidance for non-domestic buildings, particularly in higher education environments characterised by long operating hours and variable occupancy (BEIS, 2023; CIBSE, 2024).
Heating buffer vessels perform a critical stabilisation role by mitigating short cycling, improving seasonal efficiency, and supporting low-temperature heat distribution. This approach directly addresses performance deficiencies frequently identified in post-occupancy evaluations of heat pump installations, demonstrating a focus on real operational performance rather than nominal efficiency values (IES, 2022).
The segregation of primary plant within dedicated plantrooms supports resilience, safe access, and structured maintenance regimes. Centralised plant locations minimise disruption to academic activity and align with best-practice lifecycle asset management in university buildings, where deferred maintenance can significantly impact teaching and research continuity (CIBSE, 2022).
Domestic hot water and boosted cold water systems further reflect a performance-led strategy by smoothing peak demand and maintaining pressure across vertically distributed services. However, these systems introduce increased maintenance and water-hygiene obligations. The provision of defined plant zones and isolation components supports compliance with current water safety guidance and reduces long-term operational risk (HSE, 2023).
While the absence of manufacturer-specific data allows procurement flexibility, it increases reliance on robust performance specifications, commissioning quality, and comprehensive handover information. Incomplete asset data is consistently identified as a contributor to the operational performance gap in non-domestic buildings (BSRIA, 2023; UKGBC, 2024).
Overall, the plant strategy aligns strongly with contemporary low-carbon, maintainable, and performance-focused design principles. Its effectiveness will ultimately depend on commissioning quality, data completeness, and sustained maintenance throughout the building’s operational life.
[bookmark: _Toc220096826]5 Narrative Operation of Engineering Services and Maintenance Strategy
[bookmark: _Toc220096827]5.1 Operation of Major Engineering Services
HVAC systems: The main D-centralised HVAC system serves the building with the inclusion of rooftop mechanical plant, probably, air source heat pumps or condenser units, which provide the heating and cooling energy to air handling units (AHUs) (Mahapatra and Nayyar, 2022). The AHUs prepare inbound air by use of filtrator, heating or cooling coils and fans before moving it to occupied areas using ductwork and air diffusers. Extraction of return air is to supply thermal comfort, indoor air quality and energy-efficient functioning by inhaling using recirculation or by releasing (Saleem et al., 2023).
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Electrical systems: Power is supplied by connecting through an incoming utility supply to a low-voltage (LV) switchboard to provide power to sub-distribution boards, which serve lighting, small power, and mechanical plant (Hossain et al., 2023). The lighting systems are largely contemporary, and energy-saving lamps, emergency lights, and exit signs are provided on separate life-saving circuits. Rooftop and plant equipment electrical isolation is locally provided so that safe maintenance is possible.
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Plumbing (public health) systems: Plumbing system supplies distributions of cold water and generation of hot water to the sanitary and welfare facilities, drainage systems for soil and waste. Pipework is run through service intubes and in-ceiling intubes, and fittings are fitted to facilitate maintenance (West et al., 2024). It assumes water-efficient fixtures, which are in line with the contemporary non-domestic building requirements.
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Fire protection systems: Fire detection and alarm systems, emergency lamps, exit signs, and passive fire protection measures taken to contain fire-stopping around services penetrating the building are all part of fire protection (Erbiyik, 2022). Service sleeves and compartmentation. Fire-rated service sleeves and compartmentation ensure that mechanics, electrical, and plumbing services do not reduce fire resistance. The aim of these systems is to ensure the safety of occupants, as well as regulatory compliance.
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[bookmark: _Toc220101995][bookmark: _Toc220096828]5.2 Interaction and Integration of Services
The building engineering services are intended to work as a single unit with overall leverage to the functionality, safety, and efficiency of the Innovation Matrix building. The electrical services are the core of this integration as they provide power to all the mechanical, public health, and life-safety systems (Mostafa et al., 2024). HVAC plant, rooftop mechanical equipment, and other air handling apparatus depend on electrical power to provide heating, cooling, and ventilation, together with the comfort of occupants and acceptable indoor air quality of teaching, research, and office areas.
HVAC system is tightly connected with control and monitoring systems, including those designed to control temperatures and airflow levels and schedules of operation in response to the occupancy trends, like a building management system (BMS). Such coordination assists in the harmonisation of the requirements of comfort and energy efficiency (Liang and Wang, 2024). Plumbing service is synchronised with mechanical systems, and they are required to promote the welfare of occupants as well as the maintenance of hygiene and synchronisation in terms of location and procurement, as shared service risers and ceiling voids to make services accessible and maintainable.
Fire protection systems have been incorporated on the basis of all the services, and they are aimed at protecting the occupants and building fabric. Fire detection and alarm units are connectable to the electrical supply and HVAC to automatically decommission ventilation on need to reduce the spread of smoke (Sharma and Alshatshati, 2024). Passive fire protection strategies, such as fire-stopping of service penetrations, are used when there are mechanical, electrical, and plumbing services so that the compartmentation is not affected by the integration of the services.
In combination, this synchronised interaction of building services can be used to guarantee a dependable functioning, regulatory explosion, and safety of the occupants, and an appropriate use of energy within the structure to be able to support the desired academic and innovation-driven inheritance functions.
[bookmark: _heading=h.uuolskgxno5i][bookmark: _Toc220101996][bookmark: _Toc220096829]6.0 Existing Maintenance Strategy
[bookmark: _Toc220096830]6.1 Maintenance Approach
The building implements the use of planned preventive maintenance (PPM) as the major form of controlling building engineering services. PPM is planned at set periods in accordance with the recommendations of the manufacturers and legal obligations, which include HVAC equipment, electrical distribution boards, pumps, and life-safety system among other major plants (Kalyanam, 2021). The following routine operations can be inspected, cleaned, the filter lubricated, and the performance of the system, which contribute to maintaining the overall reliability of the system and decreasing the impact of future unexpected failures.
Statutory inspection is another important element of the maintenance regime in addition to PPM. These comprise regular inspection of fire detection and alarm systems, emergency lighting, electrical systems, and pressure-related systems to ensure they meet applicable UK regulations and standards (Al-Ghaili et al., 2021). Occupant safety is also difficult to achieve without the help of statutory checks that ensure that systems are still functioning within legal and required performance ranges.
Reactive maintenance is used when an unexpected fault or breakdown is encountered. Although reactive interventions cannot be regarded as the desirable strategy, they are required to resume the services within the shortest time and reduce the effect on building users to the minimum (Hossain et al., 2023). The evident separation of the services, the availability of an accessible location of the plant, and the localisation of the isolation observed in the building help in safe and effective fault correction.
[bookmark: _Toc220096831]6.2 Maintenance and Energy Performance
The maintenance is directly affecting the system performance and efficiency. Properly maintained HVAC systems operate within a close range of design efficiencies, which means that heat transfer, airflow, and response to control are optimum (Saleem et al., 2023). The routine clogging of filters, checking of coils, and testing of sensors need less energy waste and limit undue run times of plants. Equally, the maintenance of the electrical systems, such as lighting controls and distribution equipment, reduces losses and enhances the reliability of the entire system.
Regular inspection and maintenance are also crucial in detecting early signs of component degradation, leakage, or control faults that may result in a higher risk if not addressed (Olatunde et al., 2024). The information obtained by inspections may be used to make changes to the working schedules and control methods, and enhance the efficiency of energy consumption.
A systematised maintenance approach assists in achieving sustainability, as it helps to extend the life expectancy of the assets, minimise the number of replacements, and, on a long-term basis, reduce the embodied carbon related to the notion of replacing a plant with a new one (Sirviö et al., 2021). Together with power-saving plants and renewable technologies, active maintenance will also lead to lower carbon emissions in operations and enhance the everyday environmental performance of the building.




Table 2: Existing Maintenance Strategy for Building Engineering Services
	Service / System
	Maintenance Type
	Typical Activities
	Frequency
	Purpose / Outcome

	HVAC Systems (ASHPs, AHUs, pumps)
	Planned Preventive Maintenance (PPM)
	Filter replacement, coil cleaning, refrigerant checks, fan and belt inspection, sensor calibration
	Quarterly / Annually
	Maintain thermal efficiency, ensure occupant comfort, and prevent breakdowns

	Electrical Distribution (LV boards, sub-DBs)
	PPM & Statutory Inspection
	Visual inspection, tightening connections, thermal imaging, and insulation testing
	Annually (thermal imaging every 2–3 years)
	Ensure electrical safety, reliability, and compliance

	Lighting & Emergency Lighting
	Statutory & PPM
	Functional testing, lamp replacement, battery testing
	Monthly functional tests; annual full test
	Maintain life-safety compliance and lighting reliability

	Fire Detection & Alarm Systems
	Statutory Inspection
	Detector testing, alarm sounder testing, panel inspection
	Weekly user checks; biannual servicing
	Protect occupants and ensure regulatory compliance

	Plumbing & Public Health Systems
	PPM & Reactive
	Leak checks, valve operation, inspection of pipework and fittings
	Biannual inspections; reactive as required
	Maintain hygiene, water efficiency, and system reliability

	Renewable Energy Systems (PV)
	PPM
	Visual inspection, inverter performance checks, and cleaning if required
	Annually
	Maximise renewable energy output and system lifespan

	All Building Services
	Reactive Maintenance
	Fault diagnosis, component repair, or replacement
	As required
	Restore services quickly and minimise disruption





[bookmark: _Toc220101997][bookmark: _Toc220096832]PART 2: ENERGY AUDIT AND PERFORMANCE IMPROVEMENT
[bookmark: _Toc220101998][bookmark: _Toc220096833]2.0 Introduction
This section gives a detailed energy audit of the building, which is the Innovation Matrix building at the University of Wales Trinity Saint David, Swansea. The existing energy performance of the building is assessed using the outputs of the Passive House Planning Package (PHPP v10.6), the inefficiencies are uncovered, and technically-founded optimisation of the building performance is suggested. The evaluation combines energy analysis, cost-benefit analysis, and the maintenance assessment to make sure the suggested interventions lead to ongoing efficiency gains and long-term operational dependability.
[bookmark: _Toc220101999][bookmark: _Toc220096834]2.1 Current Energy Performance
[bookmark: _Toc220102000][bookmark: _Toc220096835]2.1.1 Energy Modelling Methodology
PHPP v10.6 was set up with the Swansea climate, and a detailed thermal model of the building was developed. The model has an area of treated floor or floor area (AVFA) of  2,679.2 m², a design temperature of 20 °C, and the achieved values of fabric performance, which are confirmed by the building fabric manual (Phiri et al., 2025). PHPP is a known industry standard, low-energy, and non-domestic building resource, and allows the true estimation of the peak heating loads as well as the annual energy needs.
[bookmark: _Toc220102001][bookmark: _Toc220096836]2.1.2 Energy Consumption Data
The PHPP annual method predicts an annual space-heating demand of 84,917 kWh, equivalent to 31.7 kWh/m²·yr. This confirms that the building performs significantly better than conventional UK non-domestic benchmarks, reflecting the effectiveness of the high-performance envelope and modern mechanical systems (Vatougiou et al., 2022).
	Energy Type
	Annual Consumption
	Unit
	Primary End Use

	Electricity
	≈ 209382
	kW/h/a 
	HVAC (ASHP, MVHR), lighting, small power, equipment

	Water
	≈ 70 
	KH/H/m^2/a
	Sanitary use, café and kitchen facilities

	Heating
	≈ 35
	KH/H/m^2/a
	Whole Building Heating



Transmission heat losses (QT) account for 96,208 kWh/yr (35.9 kWh/m²·yr), while ventilation heat losses (QV) contribute 41,939 kWh/yr (15.7 kWh/m²·yr). Total annual heat losses, therefore, amount to 138,147 kWh/yr. These losses are partially offset by internal and solar heat gains of 53,230 kWh/yr, resulting in the net heating demand identified above.
[image: C:\Users\PC 4\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\C64DB415.tmp]
Figure 1: Transmission and ventilation losses, internal and solar heat gain, and heating demand as an annual energy balance of space heating (PHPP v10.6)
The house has been entirely electrically powered, and no gas is used on-site. Demand for electricity thus takes care of space heating through air source heat pumps, ventilation, lighting, small power, and auxiliary systems (Thompson et al., 2022). The consumption of water is confined to domestic and welfare usage, and it is not a major contributor to the total energy demand against the HVAC and electrical systems.

[image: C:\Users\PC 4\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\1DB4D3EB.tmp]Figure 2: Monthly breakdown of specific heating demand, total heat losses, and combined solar and internal heat gains (PHPP v10.6)
Table 2.1: Summary of Baseline Heating Energy Performance (PHPP)
	Parameter
	Value

	Annual heating demand
	84,917 kWh/yr

	Area-specific heating demand
	31.7 kWh/m²·yr

	Transmission losses (QT)
	96,208 kWh/yr

	Ventilation losses (QV)
	41,939 kWh/yr

	Internal + solar gains
	53,230 kWh/yr

	Overheating frequency
	1%


[bookmark: _Toc220102002][bookmark: _Toc220096837]2.1.3 Energy Usage Patterns
The PHPP peak load calculation shows that the design heating load is 45.2 kW, which is equal to 16.9 W/m². Such a low peak demand proves that the heating needs of the building are rather small and it is universal enough to be operated by the heat pump (Cho et al., 2023). But PHPP identifies that the demand for heating cannot be fulfilled through supply air without additional heating coming by means of a separate hydronic heating distribution system, since the total possible heating through ventilation is only 6.3 W/m².
The HVAC operation patterns are predominant in energy consumption, especially in the heating season, and ventilation heat losses constitute a significant percentage of total losses, even with the heat recovery.
[bookmark: _Toc220102003][bookmark: _Toc220096838]2.2 Performance Analysis
[bookmark: _Toc220102004][bookmark: _Toc220096839]2.2.1 Evaluation of Current Performance
Comprehensively, the performance of the building of the Innovation Matrix has excellent energy characteristics, as per the current low-energy design guidelines. The heating requirement of 31.7 kWh/m 2/yr is significantly less than what standard higher-education buildings in the UK need, which indicates good insulation, airtightness, and homogeneity of the system (Liu et al., 2022). The risk of overheating, predicted at 1%, establishes the fact that the thermal comfort is achieved without extra cooling needs in summer.
Nevertheless, PHPP findings indicate that the leading cause of transmission loss is the windows, which contribute 46,232 kWh/yr or almost half of all transmission heat loss (Liu et al., 2023). Although the glazing specification is contemporary, its U-value of 1.226 W/m²K is much higher than that of opaque items.
Ventilation losses are also prominent, and they contribute more or less 30% of the total annual heat losses, mainly because of the relatively low heat recovery efficiency of 32%, which is below the present best practice.
[bookmark: _Toc220102005][bookmark: _Toc220096840]2.2.2 Identification of Inefficiencies and Improvement Opportunities
The main performance improvement opportunities are thus operational-based and system-based, other than being fabric-based. Key areas include:
· The efficiency of ventilation heat recovery, and this is not the best efficiency that a modern low-energy building should have.
· Glazing heat losses, especially when it is on the west-facing areas, where the factors of solar control minimise useful gains (Rashid et al., 2025).
· Strategies related to operational control, such as partially demand-responsive ventilation rates.
Despite the high-performing building fabric already, these areas can be seen as an opportunity to deliver less energy without significant structural changes.
[bookmark: _Toc220102006][bookmark: _Toc220096841]2.2.3 Role of Maintenance in Energy Efficiency
Maintenance also plays a major role in ensuring maintenance and performance of energy. There is a lower limit of heat recovery rate in ventilation systems with sloppy maintenance due to a dirty heat exchanger or sensor drift, or an unbalanced airflow (Soong et al., 2025). Similarly, the loss of refrigerant, broken controls or corrupted heat exchangers could have led to poor performance of the heat pump.
Active maintenance approach, with regular commissioning tests, sensor calibration, and performance surveillance using building management system (BMS), is thus the critical factor to the assurance of the designed efficiencies to stay constant during the building life cycle (Ghaderi et al., 2023).
[bookmark: _Toc220102007][bookmark: _Toc220096842]2.3 Recommendations and Improved Performance Model
[bookmark: _Toc220102008][bookmark: _Toc220096843]2.3.1 Energy-Saving Technologies and System Upgrades
The improvement measures were evaluated through the following: Key PHPP inputs that were altered to reflect improved performance of the system are:
1. Ventilation system upgrade
Having an efficiency of 75 percent in heat retrieval as opposed to 32 percent would greatly minimize heat loss in ventilation (Chung, 2024). This can be done with enhanced performance of the heat exchangers, sealing, and balancing of airflow.
2. Demand-controlled ventilation
Alternatively, the effective decrease of ventilation losses through the introduction of CO₂-based control to diminish effective air change rates during low occupancy periods would not impair the quality of indoor air (Gudlaugsson et al., 2023).


3. BMS optimization
Heating programming, prompting, and sequencing of the plants may help decrease the superfluous energy consumption, especially at half occupancy.

Recommendation
1. Improvement of MVHR Efficiency
Mechanical Ventilation with Heat Recovery (MVHR) plays a critical role in maintaining indoor air quality while minimising ventilation heat losses. The current PHPP model indicates that the existing heat recovery efficiency is approximately 32%, which is significantly below modern best-practice standards for low-energy non-domestic buildings.
2. Increase in Solar Heat Gain and Solar Energy Utilisation
Solar gains already contribute to reducing heating demand; however, further optimisation is possible. Increasing useful solar heat gains through improved glazing performance and better solar orientation strategies can help offset transmission losses during colder months.
3. Boiler / Heating System Efficiency Improvement
Although the building primarily relies on electrically driven heating systems such as air source heat pumps (ASHPs), heating efficiency can still be improved through system optimisation. Ensuring that heat pumps operate at their highest seasonal coefficient of performance (SCOP) is essential.
4. Improvement in Building Fabric Insulation (U-Values)
While the building envelope already performs well, further reductions in heat loss can be achieved by improving insulation U-values, particularly in areas with higher transmission losses. PHPP results indicate that windows and junctions are major contributors to heat loss compared to opaque elements.
5. Window Specification Upgrade (Triple Glazing)
Windows are identified as one of the largest sources of transmission heat loss in the building, with a current U-value of approximately 1.226 W/m²K. Upgrading to high-performance triple-glazed units with U-values of 0.8 W/m²K or lower is strongly recommended.

[bookmark: _Toc220102009][bookmark: _Toc220096844]2.3.2 Fabric and Renewable Energy Improvements
Due to the already good fabric performance, upgrades of envelopes of major orders will not be considered as economically productive. Nonetheless, glazing optimisation, like better legal control of the sun on the west-facing windows, may slightly decrease losses and summer proceeds (Vatougiou et al., 2022).
The existing photovoltaic system may tie into the expansion that would allow boosting the production of on-site renewable electricity to directly offset the use of electrically driven heating demand and decrease operational carbon emissions.
Table 2.2: Proposed Improvement Measures and Energy Impact
	Measure
	Estimated Energy Saving

	Improved heat recovery (32% → 75%)
	~10,000 kWh/yr

	Demand-controlled ventilation
	~6,000 kWh/yr

	BMS optimisation
	~4,000 kWh/yr

	PV capacity expansion
	~12,000 kWh/yr (electric offset)


[bookmark: _Toc220102010][bookmark: _Toc220096845]2.3.3 Cost–Benefit Analysis
Indicative UK industry cost and PHPP energy savings were used in evaluating the financial feasibility of the proposed measures (Soong et al., 2025). The most expensive upgrade in the ventilation system is the one with the inconclusive capitalism charge (£45,000) and the payback period of approximately 30 years; nevertheless, the benefit attained by the given upgrade is very important, as the quality of indoor air improves, occupants feel more comfortable, and the system is reliable. Demand-controlled ventilation is a better option, as it has a favourable cost-benefit ratio and saves energy with moderately high capital investment and low maintenance costs (Rashid et al., 2025). The shortest payback period (approximately 15 years) is offered by BMS optimisation because it is cheap to implement, and it can save operational energy wastage. The cost is higher in the initial investment of the photovoltaic expansion, which, however, offers the benefits of energy and carbon minimization after a long period.
[bookmark: _Toc220102011][bookmark: _Toc220096846]2.2.4 Thermal Comfort and Overheating Performance
[image: C:\Users\PC 4\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\1109C031.tmp]Figure 3: Frequency of overheating under baseline and sensitivity scenarios, including increased internal heat gains and external temperature rise (PHPP v10.6).
Figure 3 shows that the building works well in the scenario outlined, but there are higher internal heat gains that lead to the higher occurrence of overheating, which is close to 20%, portraying the significance of operation controls, shading plans, and ventilation control in future climatic conditions.

[image: C:\Users\PC 4\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\3252E267.tmp]
Figure 4: Monthly external and internal temperatures compared against the internal comfort temperature limit (25 °C), derived from PHPP v10.6
Figure 4 indicates that internal room temperatures remain close to 22–24 °C for most of the year, with only brief exceedance of the 25 °C comfort threshold during peak summer conditions, confirming the building’s overall thermal stability and low overheating risk.
Table 2.3: Cost–Benefit Summary
	Measure
	Capital Cost (£)
	Annual Saving (£)
	Payback (years)
	Maintenance Impact

	Ventilation upgrade
	45,000
	1,500
	30
	Moderate

	Demand control
	18,000
	900
	20
	Low

	BMS optimisation
	12,000
	800
	15
	Low

	PV expansion
	60,000
	2,400
	25
	Low


[bookmark: _Toc220102012][bookmark: _Toc220096847]2.4 Conclusion
As the energy audit shows, the current level of energy efficiency of the Innovation Matrix building is already high, and its annual heating consumption is reduced; moreover, the risk of overheating is low. The use of PHPP modelling proves that the building fabric itself works efficiently, and the inefficiencies left are largely connected to ventilation heat recovery, the control of operation, and the use of renewable energy. Nevertheless, through the implementation of certain system improvements and management, as well as a maintenance plan, further energy saving is possible without radical fabric interruptions. Such provisions will promote the reliability of operations over the long run, reduce the lifecycle cost, and promote the sustainability objectives of the building, which will ensure that the building performs highly until its service goes off.
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