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Optimal ventilation strategies are fundamental to achieve net/nearly-zero energy buildings. In this study, three hybrid ventilation control strategies are proposed to minimize the cooling need in an open-plan office building, located in the center of Glasgow (Scotland). The performance of the three proposals is assessed by IDA ICE (a whole building performance simulation tool) and compared to a traditional fully mechanical ventilation system. The performance comparison includes different criteria, i.e., indoor temperature and predicted percentage of dissatisfied (PPD) for assessing the indoor comfort, and CO2 level for assessing the indoor air quality (IAQ). The results show that the three proposed hybrid ventilation strategies are able to minimize the cooling need to zero. They can also imply a drastic reduction of AHU heating power, compared with a mechanical ventilation system without heat recovery (or with low efficiency heat recovery). In addition, they significantly save the fan energy. The only drawback of the proposed strategies is that they might increase space heating demand. For instance, the first and second strategies save about 75 and 50% of AHU (air handling unit) fan energy; however, the space heating increases by about 4.2 and 2.2 kWh/m2a, respectively. The third strategy features as the best proposal because it saves around 68% of fan energy with less increase (1.3 kWh/m2a) in heating demand. Moreover, it ensures higher thermal comfort and IAQ levels compared to the first and second proposals.
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INTRODUCTION AND AIM OF THE STUDY

In cold and moderate climates, different approaches of natural cooling-ventilation systems can be used for low-energy buildings, such as simple natural ventilation by opening windows, natural ventilation with a control strategy, mechanical ventilation, combined natural and mechanical ventilation (hybrid ventilation). For instance, Hamdy et al. (2009) employed IDA-ICE (2002) to investigate a house building in cold climate of Finland by implementing a simple window-opening control strategy for summer cooling. Tuohy et al. (2007) proposed the implementation of the standard EN15251 adaptive comfort criteria as well as of the Humphreys window opening behavioral algorithm under ESP-r environment for the analysis of summer overheating in an office in the UK. Definitely, combined natural and mechanical ventilation (hybrid ventilation) can provide significant benefits concerning thermal comfort, Indoor Air Quality (IAQ), and energy (cooling/heating and fan energy) needs compared to traditional ventilation systems. In this regard, natural ventilation is an effective measure to cool down indoor environments during summer as well as to improve the IAQ. It can be implemented by means of different strategies, such as stack induced ventilation and cross-section ventilation (Mahdavi and Pröglhöf, 2008; Emmerich et al., 2011). Furthermore, it ensures high effectiveness in most climate types, especially when it is applied during nighttime (i.e., night ventilation) in order to reduce building cooling demand (Solgi et al., 2018). Therefore, natural ventilation represents one of the most promising passive strategies to achieve high performance buildings and to enhance thermal comfort and IAQ (Wang and Malkawi, 2019). In this regard, in order to quantify the thermal and energy benefits of natural ventilation, Wang and Malkawi (2019) proposed a new index, denoted as Design-Based Natural Ventilation Potential, which can provide useful guidelines in early design stage for high performance naturally ventilated buildings. Nevertheless, natural ventilation has different limitations. For instance, it is difficult to be rigorously controlled and its effectiveness highly depends on wind velocity, as well as on the characteristics of outdoor air in terms of temperature, humidity and level of pollution. Morevoer, natural ventilation needs a robust design optimization in order to ensure energy savings and thermal comfort (Solgi et al., 2018; Yang et al., 2019), and in some cases, it can provide higher ventilation rates compared to mechanical ventilation, which can raise the issue if increased indoor pollutant concentration (e.g., PM2.5, PM10 and ozone) from outdoor sources in polluted urban or industrial areas (Chen et al., 2019). On the other hand, mechanical ventilation causes an increase of building energy needs. Therefore, hybrid ventilation, which is the combination between natural and mechanical ventilation, represents a worthy strategy to achieve energy efficiency, thermal comfort, and satisfying IAQ (Yoshino et al., 2003; Tovar et al., 2007). Indeed, buildings equipped with hybrid ventilation systems can achieve significant reductions of energy needs and CO2 levels compared with conventional air conditioning designs (Fu and Wu, 2015). Different hybrid ventilation control strategies can be found in several studies. Yao et al. (2009) investigated the feasibility of this technique for Chinese buildings showing significant cooling potentials despite of the more complex design compared to conventional ventilation systems. In the same vein, Ji et al. (2009) addressed a low energy building design in Hangzhou (south China) showing that hybrid ventilation is a viable and low energy measure for design optimization, even in sub-tropical climates. Calay and Wang (2013) proposed a highly efficient hybrid ventilation system, which uses waste energy from the exhaust air stream to precondition ventilation air, providing heating in wintertime and cooling in summertime without compromising the IAQ and ensuring energy savings up to 60%. Ezzeldin and Rees (2013) examined the potentials of hybrid ventilation for a single floor office building in an arid climate. They showed energy savings over 50% compared to a fully air-conditioned building. In the same vein, Spindler and Norford (2009) investigated a similar office building in U.S.A. climates—analyzing more than 50 cities—and concluded that hybrid ventilation can provide energy savings between 2 and 30% depending on the climate. Similarly, Chen et al. (2018) assessed the potential energy savings produced by hybrid ventilation for small to medium sized office buildings with different intelligent controls in U.S.A. climates, achieving savings between 10 and 50%. Concerning U.S.A. climates too, Emmerich (2006) demonstrated that hybrid ventilation can ensure high levels of IAQ and thermal comfort in commercial buildings. Furthermore, Menassa et al. (2013a,b) investigated the feasibility and effectiveness of hybrid ventilation systems in complex buildings, such as hospitals, which require significant ventilation loads and therefore the optimization of ventilation systems offers substantial potential energy savings. The authors employed an experimental approach and linear regression to examine different hybrid ventilation strategies in public areas of a laboratory building located in Madison–Wisconsin (U.S.A). The optimized hybrid ventilation strategy ensured 56% savings of ventilation and cooling loads (Menassa et al., 2013a). Furthermore, the authors developed an automated control of the ventilation system, which enabled hybrid ventilation to be used through 28% of the cooling season days, resulting in 20% energy savings compared to traditional mechanical ventilation (Menassa et al., 2013b). Lim et al. (2015) investigated a hybrid ventilation system mounted at a window, which ensured—fixing the IAQ level—energy savings up to 41.3% depending on the control type. Yang and Li (2015) applied a dimensionless design approach to investigate energy performance and effectiveness of stack-based hybrid ventilation for multi-story buildings. The approach was validated by comparison with numerical simulations, and allowed to optimize the interface between NVFs (naturally ventilated floors) MVFs (mechanically ventilated floors) as well as the vent sizes of NVFs, ensuring a proper trade-off among ventilation flow rates, indoor temperatures and heat inputs. Similarly, Hurnik et al. (2017) investigated a stack-based hybrid ventilation for a two-story single-family house. In particular, the proposed system provided mechanical ventilation in the second floor and stack ventilation in the first floor. Experimental results showed that optimized hybrid ventilation can ensure significant potential energy savings over 50%. The same conclusion was reached by Chen and Yang (2017), who used a genetic algorithm to optimize the energy design of a passive residential building with hybrid ventilation in hot and humid climates. Very recently, Yuan et al. (2018) addressed a 17-story high institutional building with a hybrid ventilation system combined with model predictive control showing substantial thermal comfort benefits. Finally, Zhou et al. (2019) proposed a new comprehensive hybrid system for building cooling and ventilation, integrating hybrid ventilation, radiative cooling and PCMs' (phase change materials') storage. After mathematical modeling, multivariable parametric analysis was conducted to optimize system performance with robust design and operation parameters, by reaching high levels of energy-efficiency and cost-effectiveness.

Globally, the literature review shows that hybrid ventilation can provide huge energy savings (over 50%) and high levels of IAQ, even if proper modeling and simulation methods must be used to achieve reliable outcomes (Zhai et al., 2011). In this framework, the proposed study investigates three different hybrid-ventilation strategies (i.e., Hybrid 1, Hybrid 2, and Hybrid 3) for a 3-story office building in Glasgow (Scotland) with Stack assisted cross ventilation. The aim is to find the best strategy by performing a multi-criteria decision making that takes account of thermal comfort and energy needs. Hybrid 1 uses four Stacks, Light Well and Sub-floor Plenum to manage the natural air flow through large ventilation opening areas. Hybrid 2 uses only the east Stack, Light Well, and Sub-floor Plenum for the natural cooling and ventilation inside the building. Hybrid 3 is a modification of Hybrid 2, and assumes variable set point temperatures for the occupied zones, Light Well and Sub-floor Plenum according to the outdoor temperature. In other words, Hybrid 3 provides the zones with a natural air flow during the occupied hours based on the outdoor temperature and makes night ventilation only in the summer season.

MODELING AND SIMULATION METHOD APPLIED TO THE CASE STUDY

The study employs the detailed whole building dynamic simulation tool IDA Indoor Climate and Energy (IDA ICE) (Bring et al., 1999; IDA-ICE, 2002). This is a tool for the simulation in transient conditions of thermal comfort, IAQ and energy needs in buildings. It covers a range of advanced phenomena such as integrated airflow and thermal models, CO2 modeling and vertical temperature gradients. It makes simultaneous performance assessments of all issues fundamental to building design: shape, envelope, glazing, heating ventilating and air-conditioning (HVAC) systems, controls, daylight and electric lighting, indoor air quality, thermal and visual comfort, and energy uses, etc. The accuracy of IDA-ICE was assessed using the IEA Solar Heating and Cooling program, Task 22, Subtask C (Achermann and Zweifel, 2003). Furthermore, IDA-ICE was chosen as one of the major 20 building energy simulation programs that were subjected to an extensive and thorough analysis and comparison (Crawley et al., 2008). Although IDA ICE [one of the most reliable and popular programs in the scientific community addressing building energy simulation and optimization (Crawley et al., 2008)] is used, the maximum air flow rate through the stack is calculated to check the validation of the simulation results.

In particular, IDA ICE is here used to simulate different hybrid ventilation control strategies. The software provides a 3-D view of the examined building and animation for the results, such as air flow, temperature, daylight, and shading effect.

The following subsections elucidate the modeling and simulation method using IDA ICE.

Building Modeling: Main Assumptions

The case study is an open plan office building located in the center of Glasgow (Scotland) with Stack assisted cross ventilation, represented in Figure 1.
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FIGURE 1. (A) 3-D view of the building. (B) Simplified Chimney Model.



The building is modeled by 19 zones: one Light Well, four Stacks, four zones (four different orientations) per each story, and other four to represent the Sub-floor Plenum. IDA ICE's Large Vertical Opening Model is used to simulate the four zones of each story as an open-plan area. Displacement ventilation is calculated for the Light Well and the four Stacks, where Well-Mixed Air Model is assumed for the other zones. No heating or cooling devices are installed in the Light Well and the Stacks. The typical stories are conditioned by the following systems:

• Water radiators on the external walls (under windows);

• Cooling panels on the ceiling;

• VAV (Variable Air Volume) mechanical ventilation terminals with CO2 controller;

• Large ventilation opening areas are employed as VAV actuators with PI (proportional integral) temperature controllers to provide natural cooling and ventilation at certain conditions.

Building energy modeling under IDA ICE environment is based on the following assumptions:

• The weather data file is taken from IDA ICE website1;

• The internal heat gains are set according to the values reported in Table 1;

• The thermal characteristics of the opaque building envelope are shown in Table 2. On the other hand, the windows are with PVC frame, double-glazed, argon-filled (16 mm gap). The U-value is 2.6 W/m2K. For roof windows the U-value is increased of 0.2 W/m2K (assumed for skylight). The light transmittance is 0.80, the SHGC (solar heat gain coefficient) is 0.76;

• The minimum ventilation rates during the occupied hours are set according to ANSI/ASHRAE Standard 62.1–20042, as reported in Table 3;

• the occupation schedule is set according to standard IDA ICE values (IDA-ICE, 2002);

• The general design criteria followed by thermal comfort conditions at summer and winter according to CIBSE (Chartered Institution of Building Services Engineers)3 are reported in Table 4. It is noticed that, since IDA ICE does not calculate the resultant temperature, the PPD (Predicted Percentage of Dissatisfied) index—assessed according to Fanger theory (Fanger, 1972)—is used as a measure for the thermal comfort.


Table 1. Building internal heat gains.
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Table 2. Characterization of the building opaque envelope.
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Table 3. Minimum ventilation rates.
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Table 4. General design criteria.
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Zone Modeling

IDA ICE has two types of model to simulate the zones. The first one is the “Climate Model,” which provides more accurate results and gradient calculation. The second one is the “Energy Model,” which is faster but does not include gradients. Furthermore, IDA ICE offers three techniques to deal with the air inside the zones: Well-mixed, Displacement ventilation and Temperature gradient given by the user. In this study, the Climate Model with Displacement Ventilation is used for the Light Well and four Stacks. The Energy Model with Well-mixed technique is used for the other zones.

Natural Ventilation Through the Stacks

One way to ventilate a building that is hotter or colder on the indoor than outdoor is to use the “Stack effect.” Because of the temperature difference, the air inside the building is either more or less dense than outdoor air. If there is an opening high in the building and another low, a natural flow will be caused. If the air in the building is warmer than the outdoor, this warmer air will float out the top opening, being replaced with cooler air from outdoor. If the air inside is cooler than that outdoor, the cooler air will drain out the low opening, being replaced with warmer air from outdoor.

IDA ICE includes two types of model that can be used to simulate the Stack effect: “Chimney Model” and “Leak Model” (if it is used at the highest level with a suitable area). In the current study, the natural ventilation is modeled by using “Chimney Model” (see previous Figure 1).

As mentioned in IDA ICE documentation, “the chimney model can be inserted in ceiling or wall to describe a natural ventilation system. The model can calculate flow in both directions, i.e., if the zone pressure is low enough, air will enter the zone through the chimney. The rise of the duct and the vertical position of the input will determine the Stack effects”. By using the Chimney Model, the building is simplified by one level for the roof (see Figure 1), and the additional heights of the Stacks, above the roof building level, are modeled as unobstructed chimneys.

Chimney Model can be described by the following parameters:

• Inlet loss coefficient (Pressure drop in the inlet air terminal) set equal to 10E-6 (assumption for unobstructed chimneys) in this study;

• Outlet loss coefficient (Pressure drop in the outlet air terminal) set equal to 10E-6 (assumption for unobstructed chimneys);

• Diameter Hydraulic diameter (HD), calculated using the following equation by considering a rectangular chimney:

[image: image]

where a and b provide the dimensions of the Sub-floor Plenum level, represented in Figure 2, i.e., 1.5 and 6 m, respectively;

• Total rise from inlet to outlet: Height difference between inlet and outlet (governs the Stack effect), set equal to 3 m;

• Total duct length: Total hydraulic length for the duct, set equal to 3 m.
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FIGURE 2. 2-D views of the building: (A) Sub-floor Plenum—plan. (B) Light well section A-A: low level openings from light well to each story as well as Sub-floor Plenum openings. (C) Stack section B-B: High level outlets from each story to the exhaust Stacks.



The rate at which air flows (Q) depends on several factors, i.e., the inside and outdoor air temperatures, the opening areas, the height difference between the top and bottom openings.

The 1997 ASHRAE Fundamentals Handbook (1997) gives the following relationship:
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where (all the measurement units used in the ASHRAE relationship are indicated and then converted in units of the International System):

• Cd = 0.65 (for unobstructed openings);

• A = opening area, square feet;

• Ti = indoor temp (Rankine), 533.07 R = 23 °C = 296.15 K;

• To = outdoor temp (Rankine), minimum temperature in the Stack, 516.87 R = 14°C = 287.15 K;

• Hn = height of “neutral pressure point” (for simple systems, assume 1/2 way between top and bottom openings);

• Hb = height of bottom opening;

• Hn-Hb = 42.65 ft = 13 m;

• g = gravity = 32 ft/s2 = 9.81 m/s2.

The assessed Q value (15.727 l/s) can be considered as a maximum air flow rate through the Stack to check the simulation results.

Opening Areas

According to ASHRAE guidelines (ASHRAE Fundamentals Handbook, 1997; ASHRAE Applications Handbook, 1999), the opening areas can be assumed in the range 1–2.5% of the floor area being served. This section describes the sizing process for the opening areas between: outdoor and Sub-floor Plenum; Sub-floor Plenum and Light Well; Light Well and floor; floor and Stacks. All these unobstructed large vertical opening areas are considered as VAV actuators which operate according to the adopted control strategy. The main employed parameters are reported below:

• Maximum free areas according to the mentioned guidelines = 0.025 x Building served areas = 42 m2;

• Building served areas = (Floor area—Light well area) x No. floors = ((25 × 25)–(8 × 8)) x 3 = 1683 m2.

Thus, the opening areas are sized as follows:

– Sizing of the opening areas between outdoor and Sub-floor Plenum:

• number of the opening areas (fresh air inlets) = 8 (assuming 2 fresh air inlets at each facade);

• area = 42 / 8 = 5.25 m2;

• width = 7 m (assumption);

• height = 5.25 m2/ 7 m = 0.75 m.

– Sizing of the opening areas between Sub-floor Plenum and Light Well:

• number of the opening areas = 4 (assumption for a square light well);

• area = 42 / 4 = 10.5 m2;

• width = 7 m (assumption);

• height = 10.5 m2/ 7 m = 1.5 m.

– Sizing of the opening areas between Light-Well and 3-story:

• number of the opening areas = 4 (per each story);

• total number of the opening areas = 4 * 3 story = 12;

• area = 42 / 12 = 3.5 m2;

• width = 7 m (assumption);

• height = 3.5 m2/ 7 m = 0.5 m.

– Sizing of the opening areas between Floor and Stack:

• number of the opening areas = 4 (per each story);

• total number of the opening areas = 4 * 3 story = 12;

• area = 42 / 12 = 3.5 m2;

• width = 5 m (assumption);

• height = 3.5 m2/ 5 m = 0.7 m.

INVESTIGATED VENTILATION CONTROL STRATEGIES

The current study investigates four different ventilation control strategies: traditional mechanical ventilation control strategy (Mechanical), hybrid-ventilation control strategy 1 (Hybrid 1), hybrid-ventilation control strategy 2 (Hybrid 2) and hybrid- ventilation control strategy 3 (Hybrid 3).

The same heating and mechanical ventilation systems are used for all the suggested control strategies. Four water radiators are installed in each story: two under the east windows and other two under the west windows. The sizes of these water radiators are selected to be large to cover any increase in the space heating demand that can occur due to applying the hybrid-ventilation control strategies. The main objective of the water radiators is to maintain the three stories at 21 (± 1) °C during the occupied hours and 19 (± 1) °C at night. Figure 3A presents the night set-back of the water radiators. Variable air volume (VAV) system is used to maintain the occupied zones below the maximum CO2 level (1,000 ppm). The AHU (air handling unit) includes variable speed fan, heating coil, cooling coil and heat recovery. The supply air temperature is a function of ambient (outdoor) temperature, as shown in Figure 3B, trying to avoid any need for cooling in the AHU.
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FIGURE 3. (A) Night set-back of the water radiators. (B) Supply air temperature as a function of ambient (outdoor) air temperature.



Mechanical Control Strategy (Mechanical)

In addition to the water radiators and VAV mechanical ventilation system, two identical cooling panels with PI (Proportional Integral) controllers are installed in each story. The sizes of cooling panels are determined to cover the peak load at the warmest day (May 18). The selection process of the cooling panels is performed according to the following design criteria:

• Indoor air temperature set point = 26 (+ 1)°C;

• Temperature difference between indoor air and cooling panel at peak load (dTaw) = 11°C;

• Water temperature rise through the cooling panel at peak load (dTw) = 4°C;

• Inlet water temperature for cooling panel (Twi) = 14°C.

Thus, at the peak load (it occurs only 2 days in the whole year):

• Cooling panel temperature = Twi + dTw/2 = 14 +4/2 = 16 °C;

• Indoor air temperature = Cooling panel temperature + dTaw = 16 + 11 = 27 °C.

• Finally, the panels have the following resulting sizes:

• First level: Two cooling panel of 9 kW;

• Second level: Two cooling panels of 7 kW;

• Third level: Two cooling panels of 5 kW.

Hybrid Ventilation Control Strategy 1 (Hybrid 1)

The main idea is to keep the Light Well at the lowest possible acceptable-temperature (e.g., 23°C) by natural ventilation, then using the air of the Light Well to cool and/or vent the occupied zones as much as possible. This can be applied by using the opening areas between the Light Well and the typical story as VAV-cooling actuators. To give a possibility for the natural air to flow through the story, the opening areas between the typical story and the four Stacks are also employed as VAV actuators with the same control signal of the Light Well opening areas (see Figure 4). As a concept, the four opening areas between the Light Well and the Sub-floor Plenum and the other eight between the Sub-floor Plenum and the outdoors are all used as VAV actuators with a certain set points as described below. The used control method is always the PI.
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FIGURE 4. Hybrid 1: Typical story using the light well as a cooling source and the stacks as vents.



Concerning the control of the opening areas between the occupied zones (typical story) and the Light Well, the target is trying to keep the occupied zones at 23 ± 1°C or to provide it with maximum natural ventilation at higher temperature. This means that, for maximum ventilation, the opening areas are fully open if the occupied zone temperature is higher than 24°C and the outdoor temperature is < 26°C. As regards the actuators, four large opening areas (7 × 0.5 m between the story and the Light Well) and other four large opening areas (5 m x 0.7 m between the story and the four Stacks) all work as VAV actuators only if the Light Well temperature is less than 26°C. If the Light Well temperature is higher than 26°C, the control system closes all opening areas between the Light Well and the occupied zones and those between the occupied zones and the four Stacks. In this case, the AHU provides each story by a minimum amount of fresh air to maintain the CO2 level < 1,000 ppm using the VAV mechanical ventilation system. On the other hand, if the temperature of the occupied zone is <22°C (near to the water radiator set point 21°C), the PI controller shuts down the opening areas. In this case, the AHU also provides the story by a minimum amount of fresh air to maintain the CO2 level < 1,000 ppm using the VAV mechanical ventilation system.

Concerning the control of the opening areas between the Light Well and the Sub-floor Plenum, the target is trying to keep the Light Well at 23 ± 1°C or to provide it with maximum natural ventilation at higher temperature. This means, for maximum ventilation, that opening areas are fully open if the Light Well temperature is higher than 24°C and the outdoor temperature is < 26°C. As regards the actuators, four large opening areas (7 × 1.5 m between the Light Well and the Sub-floor Plenum 5) work as VAV actuators, while the Sub-floor Plenum temperature is < 23°C. If the Sub-floor Plenum temperature is higher than 23°C, all the opening areas between the Light Well and the Sub-floor Plenum are fully open to provide the Light Well with maximum natural ventilation.

Concerning the control of the opening areas between the Sub-floor Plenum and outdoor, the target is trying to keep the Sub-floor Plenum at 23 ± 1°C. This value is selected to prevent the heat to transfer from the first occupied level to the Sub-floor Plenum trying to avoid any increase in the space heating energy. However, this will feature as a bad selection (i.e., control strategy). That's why Hybrid 2 and Hybrid 3 adopt lower set point temperatures for the Sub-floor Plenum to permit the heat to transfer from the first occupied level to the sub-floor during the working hours. As regards the actuators, eight large opening areas (7 × 0.75 m between the Sub-floor Plenum and outdoor) work as VAV actuators only if the outdoor air temperature is in between 12 and 24.5°C. If the outdoor temperature is higher than 24.5°C, all the opening areas between outdoor and the Sub-floor Plenum are fully open to provide maximum natural ventilation.

Hybrid Ventilation Control Strategy 2 (Hybrid 2)

The hybrid ventilation control strategy 1 (Hybrid 1) adopts 23°C as set point temperature for the Sub-floor Plenum. As a result (see section Results), the controlled opening areas between the outdoor and the Sub-floor Plenum are closed for most year hours. The current control strategy (Hybrid 2) tries to keep the Sub-floor Plenum at lower temperature (19°C) during the working hour (7:00–19:00) when there is a high load in the first occupied level (first floor). This avoids the increase of space heating energy. The main difference between Hybrid 1 and Hybrid 2 is the number of the controlled opening areas, since, for natural cooling and ventilation, 18 opening areas are used by Hybrid 2 as VAV actuators with temperature controllers:

• Two opening areas between the outdoor and the Sub-floor Plenum (see Figure 5A) are controlled as VAV cooling actuators using PI temperature controller trying to maintain the Sub-floor Plenum at 19 (±1)°C during the working hours only if the ambient temperature is higher than 5°C. Otherwise, all opening areas are closed. If the outdoor temperature is higher than 19°C during the working hours, all opening ventilation areas are fully open to provide the building with maximum natural ventilation. As much the ambient temperature raises the natural air velocity increases:

• Four opening areas between the Sub-floor Plenum and the Light Well (see Figure 5A) are controlled as VAV cooling actuators using PI temperature controller trying to maintain the Light Well at 22 (±1)°C while the Sub-floor Plenum temperature is < 23°C. If the Light Well temperature is less than 21°C, all the controlled opening areas are closed. This reduces the heat loss from the occupied zones to the Light Well in winter;

• Three opening areas between the Light Well and each story —for a total of nine —(Figure 5B) are controlled as VAV cooling actuators using PI temperature controllers trying to maintain the occupied zones at 22.5 (±1)°C while the Light Well temperature is <22.5°C. Otherwise, if the occupied zone and Light Well temperature is higher than 23.5°C, the opening areas are fully open to provide the occupied zone with maximum natural ventilation increasing the velocity of the natural air inside the zone. If the Light Well temperature is higher than 26°C, the control system closes all opening areas between the Light Well and the occupied zones. In this case, the AHU provides each zone with a minimum amount of fresh air to maintain the CO2 level < 1,000 ppm using the VAV mechanical ventilation system. On the other hand, if the temperature of the story is <21.5°C (near to water radiator set point), the PI controller shuts down the opening areas. In this case, the AHU provides the story with a minimum amount of fresh air to maintain the CO2 level <1,000 ppm using the VAV mechanical ventilation;

• One opening area between each story and the east Stack—for a total of three–(Figure 5B) is controlled as VAV cooling actuators using PI temperature controller trying to maintain the stories at 22.5 (±1)°C. This opening area takes the same control signal of the three opening areas between the Light Well and each story.
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FIGURE 5. Hybrid 2. (A) Sub-floor Plenum—plan. (B) Typical story—plan.



Hybrid Ventilation Control Strategy 3 (Hybrid 3)

Hybrid 3 is a modification for Hybrid 2 with three main differences:

• Hybrid 3 uses temperature-CO2 controllers for the VAV mechanical supply air terminals to keep the occupied zones at temperature < 26°C and CO2 level < 1,000 ppm using the mechanical ventilation system, while Hybrid 2 uses only CO2 controllers for these terminals.

• The natural ventilation process is permissible only if the outdoor air temperature is between 5°C and 24°C. Otherwise, the AHU provides the 3-story by a minimum amount of fresh air to maintain the CO2 level < 1,000 ppm using the VAV mechanical ventilation system. On the other hand, like Hybrid 1 and Hybrid 2, the AHU also runs at any moment if the natural ventilation is not enough to keep the occupied zones at CO2 level < 100 ppm.

• Hybrid 3 uses the same eighteen opening areas that are employed in Hybrid 2 as VAV cooling actuators (see section Hybrid Ventilation Control Strategy 2 (Hybrid 2)). The difference is that Hybrid 3 uses variable temperature set point temperatures (the set point is a function of the outdoor temperature) for the occupied zones, Light Well, Sub-floor Plenum, as shown in the following Figure 6. It is noticed that these set points are used for the controllers of the opening areas (not for mechanical cooling or heating system).
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FIGURE 6. Hybrid 3, Set point temperature for: the occupied zones using the opening areas between the ones and the Light Well as VAV cooling actuator. (A) The light well using the areas between the light well and the Sub-floor Plenum as actuator. (B) For the Sub-floor Plenum using the areas between the Sub-floor Plenum and the outdoor as actuator during unoccupied (C) and occupied (D) hours.



Figure 6A presents the set point temperature of the occupied zones. This Figure indicates that, if the ambient temperature is < 5°C, there is no natural ventilation for the occupied zone except if the zone temperature tends to be higher than 23°C. This reduces the probability of increase the space heating energy due to the natural ventilation in winter. Figure 6A shows that, if the ambient temperature is between 15and 20°C, the occupied zone set point temperature is 21°C. This provides the zone with much natural cooling and ventilation during the working hours and much night ventilation to remove the heat from the building. If the ambient temperature is higher than 21°C, there is no way (by using natural cooling) to reduce indoor temperature more than this limit. Putting the set point temperature equal to the ambient temperature provides the zones with maximum natural ventilation to reduce the fan energy as well as to keep the zone temperature < 24°C as possible. If the ambient and the zone temperature are higher than 24°C, the AHU runs at higher speed to provide the zone with much air for cooling and ventilation at the same time (in this case the Light Well temperature is higher than 26°C and the opening areas between the Light Well and the zones are closed).

By using the variable set points temperatures shown in Figure 6, Hybrid 3 provides the zones with a suitable natural air flow during the occupied hours based on the outdoor temperature and makes night ventilation only in the summer season. In particular, putting the set point temperature of the Sub-floor Plenum at 23°C when the ambient temperature is < 5°C, see Figure 6C, keeps the opening areas between the outdoor and Sub-floor Plenum closed at the unoccupied hours in the cold winter. This provides better thermal comfort in the different occupied zones across the whole year with less increase in space heating demand. In this regard, during the occupied hours, when the ambient temperature is 10°C or lower, putting the set point temperature of the Sub-floor Plenum at 18 °C, and not at 16°C for example (see Figure 6D), keeps the building fabric at higher temperature, reducing the increase of heating demand that likely occurs due to natural ventilation.

RESULTS

Hybrid 1 does not work as what was expected. The sub-floor opening areas are maintained closed except when the outdoor air temperature exceeds 24.5°C. The natural air flow enters from the east Stack and exits from the north Stack during all the year hours. On the other hand, the natural air flow enters from the south Stack and exits from the west during the winter. However, the natural air flow enters from the west Stack and exists from the south Stack during the summer. The natural air flow exits from the north Stack only in the warmest days when the temperature is higher than 25°C. For demonstration purposes, in the Appendix, Hybrid 1 is characterized as concerns opening areas control signals and temperatures in the three levels, Light Well, and Sub-floor Plenum (see Figure A1), as well as mean air temperatures inside the west, south, and north Stack vs. the year hours (see Figure A2). Since the natural air flow enters from the west, south, and north Stacks, such temperatures are important to be observed. During the occupied hours the temperature is higher than 14°C. However, the temperature decreases at night. Entering the natural air at quite low temperature (14°C) increases the space heating energy. Furthermore, it could be unacceptable for the thermal comfort particularly at the first story level. The results of this case are important to recognize the behavior of the Stack effect at the four directions (four orientations) if there is no probability to enter the natural air from the Sub-floor Plenum.

Based on these unsatisfying results of Hybrid 1, the other two hybrid ventilation control strategies (Hybrid 2 and Hybrid 3) are proposed and investigated to enter the air from the Sub-floor Plenum and exit the air from east Stack. In particular, during the working hours, the natural airflow enters through the controlled opening areas between the outdoor and the Sub-floor Plenum, then transfers to the Light Well reducing its temperature.

According to the temperature of each story, the natural air spreads inside the story then exits from the east Stack. The natural airflow passes through the building (enters through the Sub-floor Plenum and exists from the east Stack) and, as a result, the three stories are kept within a range of acceptable temperatures [according to ASHRAE 1999 (ASHRAE Applications Handbook, 1999)] for most of the year hours.

In particular, the following lines compare the results of the four mentioned control strategies: Mechanical ventilation, Hybrid 1, Hybrid 2 Hybrid 3. The aim is to assess the best solution by means of multi-criteria decision making according to the following performance criteria:

• Annual space heating energy (Figure 7A);

• Annual cooling energy (Figure 7B);

• Annual fan energy assuming constant efficiency (Figure 7C);

• Annual AHU heating energy neglecting the effect of the heat recovery (Figure 7D);

• Annual duration curve of the space heating power (Figure 8);

• PPD index (see Figure 9 as concerns June and July); as concerns the analysis of thermal comfort, Figure A3 of the Appendix shows the annual trends of average indoor air temperature in the 3 stories for the proposed hybrid ventilation strategies;

• Indoor air quality represented by CO2 level (Figure 10) and natural air passes through the building vs. the year hours (Figure 11).
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FIGURE 7. Comparison of the investigated ventilation strategies: (A) Annual space heating energy. (B) Annual cooling energy. (C) Annual AHU fan energy assuming constant fan efficiency. (D) Annual AHU heating energy neglecting the heat recovery.
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FIGURE 8. Duration curve of the space heating power.
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FIGURE 9. Average PPD at different orientations during June and July using Hybrid 3 (assuming2 clothing level = 0.7 clo; activity = 1.2 met; air velocity = 1.2 m/s).
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FIGURE 10. CO2 as a measure for the indoor air quality in the building levels for the proposed hybrid ventilation strategies.
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FIGURE 11. Total outflow from the building through the east Stack for the proposed hybrid ventilation strategies.



The three suggested hybrid ventilation control strategies (Hybrid 1, 2, and 3) can save 100% of the cooling energy maintaining the occupied zones at different levels of suitable comfort and healthy conditions. Moreover, a significant percentage of the fan and AHU heating energy can be saved. However, the space heating energy increases because a set of reasons:

• Entering the natural air at low temperature (14°C) from the Stack itself (this occurs for Hybrid 1);

• Providing natural ventilation in the weekend and unoccupied hours in winter;

• The small overlapping between the natural cooling set point (22.5 ± 1°C) and water radiator set point (21 ± 1°C) (this occurs for Hybrid 2);

• Using oversized heating system (this occurs for Hybrid 1);

• Providing natural ventilation for the Sub-floor Plenum and Light Well at early morning (at 7:00) when the ambient temperature is low (this occurs for Hybrid 2);

• Reducing the temperature of the building construction by night ventilation (this occurs for Hybrid 1 and 3).

On the other hand, the night ventilation, in summer, is important to achieve high thermal comfort inside the occupied zones. This idea is adopted by using the hybrid ventilation control strategy 3 (Hybrid 3). Concerning Hybrid 1, the Sub-floor Plenum is maintained close most of the year hours because of the high set point temperature (23°C), which is selected for it to reduce the heat loss. The night ventilation is not used by Hybrid 2. This causes much of overheating hours in the south and east zones. In order to avoid these problems, Hybrid 3 uses variable temperature set points, based on the ambient temperature, for the occupied zone, Light Well, and Sub-floor Plenum. This improves the energy, thermal comfort and IAQ results. Therefore, Hybrid 3 represents the best solution to be implemented, since it ensures the best trade-off among the considered energy, comfort and IAQ performance criteria.

CONCLUSIONS

The study implemented IDA ICE to perform the multi-criteria assessment of the best hybrid ventilation system for an open plan office building located in Glasgow (Scotland) with Stack assisted cross ventilation. Three different hybrid ventilation control strategies (Hybrid 1, Hybrid 2 and Hybrid 3) are suggested and compared vs. a traditional mechanical ventilation system. Different criteria related to comfort, IAQ and energy needs are considered to assess the best strategy. The results indicate that by adopting those three control strategies there is no need for mechanical cooling. The first and second control strategies can save about 75% and 50% of AHU fan energy, but the space heating increases by about 4.2 kWh/m2a and 2.2 kWh/m2a, respectively. Hybrid 1 and Hybrid 2 achieve most of the thermal comfort requirements. However, the first supplies quite low natural air temperature to the occupied zone (14°C) and the second cannot maintain the PPD (predicted percentage of dissatisfied) level < 25% through all the year hours at the south and the east zones. Hybrid 3 is proposed as a matured hybrid ventilation control strategy which saves 68% of the fan energy with less increase in the space heating energy (1.3 kWh/m2a) achieving a good thermal and healthy conditions at the three stories. Thus, it represents the best solution, which ensures the best trade-off among the examined performance criteria. Furthermore, the three hybrid ventilation systems can also save much of the AHU heating power, if they are compared with a mechanical ventilation system without heat recovery (or with low efficiency heat recovery). For future works, optimization algorithm can be implemented to achieve a further enhancement of the chosen hybrid ventilation system.
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Construction Construction detail Density Conductivity (k) Specific heat Reference

type (Outdoor to inside) (kg/md) W/(m-K)] [W/(kg-K)] (See notes*)
100mm aggregate 1,920 1.1 840 4
160mm styrofoam 1,920 0083 700 4
150mm concrete 2,300 1.7 880 2
140mm concrete 2,300 1.7 880 2
102 mm brickwork 1,700 084 800 1
200 mm rockwool 500 o1 1,000 1
140mm concrete block 1,400 051 1,000 1
1,000 mm londonclay 1,300 07 900 3
1,200mm void 2,000 06 1,000 5
155 mm concrete 2,300 17 880 2
100mm insulation % 005 982 2
75 mm soreed 1,200 041 840 1
75 mm screed 1,200 041 840 1
25 mm rockwool 500 0.1 1,000 1
150 mm cast concrete 2,000 1.18 1,000 1

*1: http://people.bath.ac.uk/absmaw/ BEny 1/ properties.pa; 2: IDA-ICE database (IDA-ICE, 2002); 3: 1999 ASHRAE Applications Handbook (Sl), page 31.17, Table (6) (ASHRAE
Applications Handbook, 1999); 4: 1997 ASHRAE Fundamental Handbook (Sl), page 24.8, Table (4) (ASHRAE Fundamentals Handbook, 1997); 5: Assumption.
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Level

Occupants

100 adults, 90W each

50 adlults, 90W each

150 adults, 90 W each

Gains

Equipment

100 compurers, 110W each
5 laser printers, 130W each
2 overhead projectors, 300W each

15 compurers, 110W each
1 laser printer, 130W
vending, 500W

3 compurers, 110W each
1 laser printer, 130W
vending, 500W

Lighting

fluorescent, 10 W/m?

fluorescent, 10 W/m?

fluorescent, 10 W/m?

Period of gain

see occupied period
see occupied period

see occupied period

9:00 - 18:00 and 15:00 - 16:00
07:00 - 19:00

see occupied period

see occupied period

see occupied period
continuous

07:00 - 19:00

see occupied period

see occupied period

see occupied period
continuous

07:00 - 19:00





OPS/images/fbuil-05-00097-t004.jpg
Parameter Minimum

Comfort temperature 21°C
Air changes per hour 4n-1

Air Movement circulation 0.13m/s
Relative humidity 30%
Level of COp 400 ppm

Maximum

26°C
10h~!

023m/s
60%
1,000 ppm

References

1999 ASHRAE Applcations Handbook (S), page
3.2, for office building

ASHRAE Standard 62 Recommends
© 1,000 ppm CO2 max.

 Human Discomfort Begins 800~1,000 ppm CO2
« Long-Term Health Effects > 12,000 ppm CO2

*CIBSE comfort criteria 3 general office; Winter dry resultant temp: 21-23°C (for clothing level 0.85 clo; activity 1.2 met); Summer dry resultant temp: 22-24°C (for clothing level 0.7

clo; activity 1.2 met)
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Occupation period People outdoor air rate during occupied period Area outdoor air rate ™

um ventilation rate

*Standard Level 1 Level 2 Level 3 *Standard  Level1,2,0r3 Level1 Level2 Level3
From To % Vs 1person I/s-100 person ls.50 person l/s-150 person  Vsm? Us.561m2 s Vs Vs

o 7 o 25 0 0 [ 03 168.3 168.3 168.3 168.3
7 9 20 25 50 25 75 03 1683 2183 1933 2433
9 12 80 25 200 100 300 0.3 168.3 368.3 268.3 468.3
12 14 50 25 125 625 187.5 03 1683 2033 2308 3558
14 17 80 25 200 100 300 03 1683 3683 2683 4683
17 19 30 25 75 375 1125 03 1683 2433 2058 2808
19 24 0 25 0 0 0 03 1683 1683 1683 1683

*ANSVASHRAE Standard 62.1-2004, Table 6-1 minimum ventiation rate in breathing zones (office space). According to CIBSE comfort criteria® the Air supply rate shouid be at least
8 liters/s/person.
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